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(57) ABSTRACT

A semiconductor device of the present mvention includes a
substrate having a drift layer, metal wiring formed on an
upper surface of the substrate, and an electrode formed on a
back surface of the substrate, wherein the lifetime of carriers
in the drift layer satisfies the following expression 1:

[Expression 1]

121.5%10"exp(5.4x 1015 ) expression 1

T: the lifetime of carriers in the drit layer
t,.: the layer thickness of the drift layer.
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Diagram showing carrier lifetime necessary for
stabilizing device characteristics

1_0_.2.“&1;1 TTTYTITIr T TITY

——b
e
e

is]

carrier fifetime
=
EN

ek
<
o

. . Y . T Ry ". T LELTEES

I S LEE AT D RO JN NN B N N
L ™

) T Al i 'l"!"l'l-"l-'l'i ool 1-1

'i“l‘ IT T I "t TELLYE-i2

00200 " a00 400 500 500" J00" "800

layer thickness of N-dniift layet]an]



US 10,475,663 B2

Page 2

(51) Int. CL. TP 2010-283131 A 12/2010
a TP 2011-100890 A 5/2011

HOIL 29730 (2006.01) TP 2011100890 A * 52011
HOIL 29766 (2006.01) TP 2012-009811 A 1/2012
HOIL 29/739 (2006.01) KR 2008-0086911 A 9/2008
HOIL 29/861 (2006.01) WO 00/46809 Al  9/1999

H WO 02/058160 Al  7/2002

HOIL 29/06 (2006.01) WO 02/061845 Al 8/2002
HOIL 21/324 (2006.01) WO 2005/108656 Al  11/2005
HOIL 29/08 (2006.01) WO 2007/096996 Al 8/2007

(52) US. ClL. WO 2009/122486 Al 10/2009
CPC oo HOIL 29/32 (2013.01); HOIL 29/404 0 2012/063342 Al 512012

(2013.01); HOIL 29/66325 (2013.01); HOIL
29/66348 (2013.01); HOIL 29/7393 (2013.01):
HOIL 29/7397 (2013.01); HOIL 29/8611
(2013.01); HOIL 29/0834 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

5,783,491 A 7/1998 Nakamura et al.
6,153,495 A 11/2000 Kub et al.
6,194,290 Bl 2/2001 Kub et al.
6,229,196 Bl 5/2001 Shishido et al.
6,274,892 Bl 8/2001 Kub et al.
2002/0000562 Al 1/2002 Carlson et al.
2002/0121661 Al 9/2002 Nakamura
2003/0042537 Al 3/2003 Nakamura et al.
2003/0047778 Al 3/2003 Nakamura et al.
2003/0059630 Al 3/2003 Carlson et al.
2006/0137600 Al1* 6/2006 Ellison .......ccovvvve. C30B 25/00
117/19
2009/0267191 A1  10/2009 Minato et al.
2010/0327313 A1 12/2010 Nakamura
2011/0291223 Al 12/2011 Nakamura
2012/0309208 A1 12/2012 Tanida

FOREIGN PATENT DOCUMENTS

JP 536-83948 A 7/1981
JP S04-027231 A 1/1989
JP HO03-222427 A 10/1991
JP HO04-218921 A 8/1992
JP H04-262537 A 9/1992
JP HO5-136153 A 6/1993
JP HO7-038102 A 2/1995
JP HO7-263692 A 10/1995
JP 2575545 B2 1/1997
JP H11-054519 A 2/1999
JP 2001-044206 A 2/2001
JP 2001-085686 A 3/2001
JP 2006-140309 A 6/2001
JP 2002-507058 3/2002
JP 2004-507881 A 3/2004
JP 2005-322712 A 11,2005
JP 2008-251679 A 10/2008
JP 2009-272314 A 11,2009

OTHER PUBLICATIONS

Notification of Transmuittal of Translation of the International Pre-
liminary Report on Patentability and Translation of Written Opinion
of the International Searching Authority; PCT/JP2012/075559, dated

Apr. 16, 2015.

International Search Report; PCT/JP2012/075559; dated Dec. 11,
2012.
An Ofhice Action 1ssued by the Korean Patent Oflice dated Aug. 22,

2016, which corresponds to Korean Patent Application No. 10-2015-
7007235 and 1s related to U.S. Appl. No. 14/429,337; with English
language partial translation.

An Ofhice Action; “Notification of Reason for Rejection,” 1ssued by
the Japanese Patent Oflice dated Aug. 30, 2016, which corresponds
to Japanese Patent Application No. 2015-141375 and 1s related to

U.S. Appl. No. 14/429,337, with English language partial transla-
tion.,
An Ofhice Action 1ssued by the Chinese Patent Oflice dated Sep. 12,

2016, which corresponds to Chinese Patent Application No.
201280076231 and 1s related to U.S. Appl. No. 14/429,337; with
English language partial translation.

An Ofhice Action; “Notice of Reasons for Rejection,” mailed by the
Japanese Patent Office dated Nov. 14, 2017, which corresponds to
Japanese Patent Application No. 2016-208383 and 1s related to U.S.

Appl. No. 14/429,337.

An Office Action; “Notification of Reasons for Refusal,” 1ssued by
the Japanese Patent Oflice dated Jan. 22, 2019, which corresponds
to Japanese Patent Application No. 2018-053758 and 1s related to
U.S. Appl. No. 14/429,337; with English language translation.
An Office Action mailed by the German Patent and Trademark
Office dated Dec. 7, 2018, which corresponds to German Patent
Application No. 11 2012 006 967.6 and 1s related to U.S. Appl. No.
14/429,337.

S. M. Sze, “Physics of Seminconductor Devices,” 2nd Edition,
1981, p. 35-38, ISBN 0-471-05661-8, A Wiley-Interscience Publi-
cation, New York, U.S A.

JP Ofhice Action dated Jul. 18, 2017, from corresponding JP Appl
No. 2016-208383, 8 pages.

An Oflice Action; “Decision of Final Rejection,” 1ssued by the
Japanese Patent Office dated Jan. 26, 2016, which corresponds to
Japanese Patent Application No. 2014-539515 and 1s related to U.S.
Appl. No. 14/429,337; with English language partial translation.

* cited by examiner



US 10,475,663 B2

Sheet 1 of 30

Nov. 12, 2019

U.S. Patent

?

¢

; ..-w;wm;.n;; ”

12
14

ff###?:###:#ﬁf..:#

AR AR EAEER RS R
:r;#JJ:J#Jrr#mlirmff#f!ff#fffrff;!ff
S S S ST ST

" on =
el Bt R S R A R R AN R
e e e e e T T N R M N T,
R R R R R L R S e A L R
R L L L L L A L
AR AR MR R N R AR R R N M R R R R L L,
R R N A R L N B N N R R R A Y,
g Ty M, g T T, B e e T ity e T T T P iy Ty I T T N, T e T
Nty e N S e f##r!#r#f####fr:f!h
#ﬂf#fr:fﬁff##;FIER#rrxff#rfF e b
ARIMIRN T RNNNR
WY R R R R A RS A AR R R R L Y A,

AR R R R N R N R N A R R
M, NN T N AR, T N N A T e W

T T N T e N e My M e T T e T R Ry N N L

o M, i N T T T T e e T e Ty )

T T N N T e T N N N R G A Y
AR VAR A VR R VR AR VR AR VR R A
N N N N R e N R NS R e M L S
P N T T T T N N T e e N A

b Yy Ty Ny Ty T Yy T e ._._......_._.....f....fr_.f.....,__.

T Sy i Ty T N e iy R N R N R Y iy frf:#rfJ
..#fifﬁﬁfﬁff#f!rﬂf#rffffJr##ﬂffffff#ifﬁi
A % Ny T N N T e N T N i S T R, T
b e G e e e N A e A R R L e R R N N N N NN N

TN T N N T T R T N NN N T, T T T R R R T
A N N N e T Bt B T, P T S T e T T T T T S T T S I T
A T T N e Ty ey e N T N T N e N N T ey

At T N N T e T T e e T e N T T T T T, T T N T T T,
B e, N e N A N N N e T N Ay T R RN N
R S AR RS
i N e e e A A e A e e T T N i T R e R
.#rrszfffﬁxrfffﬂffff fﬁfﬁ fffxfﬂfff!




U.S. Patent Nov. 12, 2019 Sheet 2 of 30 US 10,475,663 B2

i %&@ﬁ! — 40

N N L

fsosunsanses v ﬂﬁ“i

L I ]
' = . . .
M e
-
, g -
=
- i
. .
ok ..o
A [T
- e )
C et . : B
[ I | bl ., . -
[ | = _ " -
- r = . .
., L
'F
L
h

A
NG I N

p— pginall” JF

f f e e e - s e e = ey e . S L I I T R L R R B RN
r ' rroar L R LI e R L T B L R B . - - . . .
i 1 i
] l."" L SO P e A . L e A A T - * L - L . -’ N - -
T T T P et T T T T T TR YR T & - . :E z
| 1 r - = I h I I | [ T | : _ - | | | I y " . . h .



U.S. Patent

Nov. 12, 2019 Sheet 3 of 30

" pe—— ————————————————

- P 1] e L FpchaBdccpad ++ 825y Al L ]
AR RN LOE3Z.AThilclaaing B iaftaiiay
ALEAEQL L ERICAMYmE TETIETAY T = = A e R nhmfawhdk
mypysmuzms srdichwbun Y R T R T N S TN R R T AR SR FRR R R P AN L NN U L bl LA N L | Ewimd ey
XL LY AN Ny Py | EE A A AN Py A AN Sy A nm ekl B DA n A AT N PRI LF rRpErar
e E st pen koo e T I L L I R R L R R N I P LT R L B s bl
l-ui--il-iri-l:'l.liiﬂ-i |.,.5‘£}.=+.|.:J,|"u.‘h1"u:llih.'"lh.lrl'.q'ull.i.l'.l'rll-Il_lll-ul-llllﬂlh"l-ll-l aFLETE

o

v mmkd oy b

R EF IS AR LN L ELI EE LR F.LL R L RN L N

. ™ ih N AR IR NN R ERLE LN

. anm i i Mo el N Rah NN nr Y Lt‘ll_‘ll'-}lﬂ'-ilq“'"fl‘

::i::t&q.-th grurm ikl k - LI ] ALY ELER NN RN L
- : ¥ Igu

g cmmEEC [ i AL AR Ay : r LRI LR B ) 28

d . 40 N
ALLppySmEp |7 AR - .
I EYFEIE N RRRLUOEERN LK ! |-Em=c1 T
TEI LI LI I L [ rmeenuy rfn ~ N hdwr ¥

a+
.y

wt
EFFTrELE'

-

e mpgiSieginy ey eSS e T S R s T R

LR M

US 10,475,663 B2



US 10,475,663 B2

oy, .l. n ' : .
— " lm.rn._'-.-rll.l..-.l ‘
B ta et g
. wataimhadmluta il B
SERFLELEE Y LN .
..l.l_.u..tlh-lll_r.”..m.q.lr“.ld_-.i.
oW ol gk W o T g FpE
) _.u.-..___."l.__. o b e g |
' Ll R L L
- - u.ﬂ1ﬁrﬂ.n1.muﬂﬂ.
- . L] [ Bl et Rl Ren] Teall lel”
maGml kg Foded ]
: FL EL L LTy -
. | . FRElF gt "t aT W '
- ' B iy Tnl i g Fulm" | L
. ' fArpgoruepgrdgrgaagked SRR R
A .
1 ]

taPaT ety farptc
; 'n..-mi.-h.lllhti...l
R Yy s WL B gy g
Fihil.m!Litlml.l_-..
gt P B4y T ]
L Y L T
I.mlhl-._._.tll..._.l_-vll
el M R B
Ay e Fe™ e P ' m"k"
™I FrETM T I ™
I.J.I..TII.!-.I_F._. rFal
iy Ngpmp R agEg g
S e el "
gl gmphogthpd by
AgghgEyglg Ly Eg 8
e R Ay
ll'ﬂill.ﬂ-ir”ﬂ"—_.r
F RN Tl R B i I
-.-l-.—l_._.n..1__-._._-....__
| BN Fpimii Fgp 'IF'm N
1“"&;1“.-.!; r.u..-_fl_
Ty FaTaFnfpy A
gt Npdg sty
s ermanfiady
W ek kA Ay #
Bamh Fat gt ryyal .
Tdhbpiu e et et g
.ll.ll.....l.-.ll.-.kl
ol oy Ry "
.1l_.1.hh-‘._.._.lll.ll.._..ﬂ..|* r -y
Futpda bzt "atpt .,F
varbadaima T ndu byt _r_
el LR BT T el et Tl B s sl

i »

L

g | EwW g

el 1

e i il

Smdpnwndhmirmn
LE N E-RN N RN g
s FRATSYIRT

-
3
Aoy ger e e R

L I Pl .i.'.ll.t..-l..-.-.l_m-....!i.-.Ii
T L] u...}‘-.-l..-.J..tﬂ.—l..r-.i-.ll
' .l..r.-.-.I ]

LT LT FIE LT Il L e
Mg g P B g ey oy W

Sheet 4 of 30

BRI b

‘ TptefarateTate

nry |..‘.t .I.-rrll.i e

B el
dm gy -

P Al s O

E it

pE Rl apk
ErrdEt

-

P e B AR T
"".:“_J i..I_"..._.____ .I.Ill -..u..-..-".l -_t._- ”- ln. ".J'._-.F.r-lrlhﬂ -.-_ .._-.--
Lt B bt Sl R el T O Bl R | TR b/ .
I_-_.l_._._l-.ll-ll.'l_-.-l.ll.llll.‘.!.r-lr..m.l..r.-l'-ni.!-..-.l j
..I...._l.1.-.-._-.T.H.LI..I.-l.-l.ii.-.lJ..lll.-.Lu.r.l-_.IlI..--_..I.ll-. #

- "—-.—F.-I..-.i.—..Iulu—.-_.b- -
i emeynnamgip s piabataded,
L B rlhign . sgn gu-wren BN
; [ T AT I (e YO Y
PR L A b L
llh-llil-ll.rﬂnl.-.l.r
v sz igr bty prpn gl Rat b prntn
ul.ﬂ.ll..-l.l.:...-l..-lt.lrl-.-i‘._r L
H -

T e
AT EERLLF )
AEEFEET
g EAELE
Fdw=PFfd
‘AL LR L EL
o [N ]
NM.LH-.-M.._
RYFFELY]
LL RN L]
LI e -
dn'pEdFA
- WETEE——r
‘moesh o ow e
IELP 1
[ 2 FF FEY
-

» e

a
EE L]
T
LT

wl
r
L eamvdh B du

|
"
bl b
RN Lf|aE

dMpygprcrnannb

LA

‘EEEETTE
RS L F LR

o4

eI
sbhitrey bl
o

e v v IO,

o gl Bl

rabashgdg-ghn"agfl T R LR e B B B At B BT L
wha b dentore ittt ed st |t-.-ﬂ-__-u_u.-i.-iilu-;iﬁl.i.m._.l._— .l
L .-.__".ri_-.,".‘. .-t.-. ll...l.“..!..."..l-......-“‘ -.-I._f.l li_lﬂlﬂl -.l -.-_I...HI_.- -l.t"".ij.r iRl i
[ ; g iy FLE b S il r -y

. TSt R il i, P i i

A
Ll sl sl g ut

D e i T T P

wypah pman

TE R LT FENLE]

L ST NN | l...-.'lh.lll:.-'.lt.l_ﬂi...l.l.-..r.h.l-l_.i.l_-lnlj.lul._llllull.!- [l |
B P b T a Fa o P Fal gl a e bt g P g W g M L B g WYY
l._l-.n.-_lﬁ_._._.._.-_.__u_.-.—.___i_-..__l._._...-._..-u.l...q._.la_.___._._'
ir#:lﬂhm._.___.-l..F-.-.i._. fad g e " a®" s fa®"™ .'
T

A T N TR RN Y

i
4wk
5.-m -
LN ‘
.I.. .
'y ‘
Fi» .
-_n .'
Mw K
.l“! / . . JL.I!.-L..I.-:I:-.I..I.. !
gealr AgtaFolpt g Fa™a 4
*I.t r s alpmwptulapy B
el ._-_..-_..r—.."...._._..u."___.._.____; '_
-uth .h:.".ﬂh.l-v.uh'n“-..hu.r-_LL ’
. Fil Tl = -p F .
s | EPLEL Y T oY :
s LLEY ; : el Tl T el el Tt el B
SRR ¥ nr-.l.1l.n..lll.llﬂ.i.- h N
A wprg .n..r-q."-".h__-"..r.h_.lh.-h-_.;.
- | ] FPEFEREpE g
arapnllF . o ga, e ge rptug
L E T R s - 1hlu_..ln-..l.‘ll._r.l.J_lh .
.i.lJ_.r.-..‘ !t.lt-r-r.L.Jl.“..Jl-I
TEILEL L ' . e g T r g for g ‘
_.rluuilh R - J.IIIF\II.I.}HI.H.I .
F kY EREFR a l.._.rl.ﬂ.rui-nh.l..__.lﬂrﬂ_ .
Blad hd 4 rw RN Tl el M Tk Tl By e
1 R v min = u.-..___.___-.m.i.n_._ﬂnl .
[Py FEFL Y il
“““.J'““.“ T mighgl i, my F.F-F..,.
..n-u..;..r.n- gk p P d g™’ .
Wannrmny iawmpimadtehabptprminry
- Byl Lmy ™ .I1.-J.lI.IH.l.-._T._..I..-l.I:I.-I.I.Ih S e
R ....I'
T
2 e sl rd s rmep iy
" T Tl ok Rl ol B, Sl
.H-.#._..______...ﬂ_.._.w-...-uﬂ!q.._._.._._.|_". LA Tl o
[ Ky Th o K - el
Ay a gy gty ha e NN N
LA ; e L L L D .
1.1..-I_l‘-l. Fm"h i oy wy
el Rl LK LT 2 et T gd et n e
LWL ot a gyrgi .-.-..___....
1= Fpgdg =y dp®y
l.l.l.l.i....l't..}...ﬁ..ll-?l L0
faha el sy
Rl A LL A
-.:..nl._ml.q.-.._.m.._-..’. -
”...’I‘..ﬂ.-*.-‘l.‘ﬂ
Ay MglgrgSgdmiliy-
. Egg Fg g par g Tygryr
LA N LR L NN N LN L
wg R AT Ty f
.—-.._..I_E-"”..m.il”-.l“.-lllh #
LU RS R ANl
.._..1.}n—.-_...-- l.-..;.._plu A
waragEo .lF-I...-.#
0 D I T
kg pmiy bl an
L LR W N R
.--_.h-...-l._...ur_-.w._-mn r
UL I Ry Y . ] ]
ERTCLLISERE )
L = i H T e B e
e Hiotefig® s Yo .’
ey L ESFL LY LY N
uu_.aafll.uu- LN N ’
"uu-mlll-.-.u._.nwl.lh -t r...’ .
e innrfrints . ",
cmraradadamyunly .‘.-'..
App e Ry e A rFek
-L-l.-'._._.l.-.._..-_....ﬂ.l-_L.....H.l.-....hiu.l.-.lh Py
L [y H - o iy

hu-._.l.......-._...—-.._...—.l..—..-
& B g

o
| |
| B
[ |
E'._‘-
Yy
g
!E—
Ty
‘I
n
'\I‘|
L
+y
Wy

hpwas
4y, -
A"

| " -
I

.".'.'.I.‘I'F*I*-i.
S LCLE
ll-hl.llq'll
ZTLEAME
S Falfpliad
TLELELEY
]
L ]
- i
r
»
*
.
|

falafnidpgxa®a
-"I“l.-.u__.:...._-._hn.l.
FabhpiiaFp
._.,H..-.._1..-1r_-_-_.._ -
+ LT .|1.r_..-_L..rl Fu:
ad grug gk e -
LW L FemgLLn

u

r

-
_ir_l...r'.ilrL
4

:

Py g T ¥ oL b
ufi

dwu ¥
ey by

U.S. Patent

H...-..—.I-lI.-....__.-..-.-*l__..l.--!_-..I.ll1 ..._ 1 l
afu L ® =

- 3
L A

l;...l‘_-.r. -.lu.l.rlll-.n.ii.h LN R BN B

L]
I.l..r.-.l.-_..II: <1 '.-l.lim._-tiu.inlfIl.l:.-..I._.TlJ.F_ih.ilr -
= -

A rprplgrge g .._H._..t.r..-".-rt.i.ul-..ljﬂ.

. . A
L s " L

, fﬁ.ﬂfﬂ#ﬁffﬁ!..ritﬁ.

P N R B

N, R

gy
LR LY LN

#

;:.l [

wt b
b
A ihh

L
L ]
S Y

hadum b hmha eru L d
- ] i‘q ﬂ."' I.-

A R L bl e

8
i
'l."-l!
* ' u

T

¥ ¥

L - Tk Lt LR

L g
i o alaRagd by i, lgs

4.0 . .tT.I;ql"l\.lllll.F'l|llll_l-r¢llI
o ]

R B L N LR LR L R L |
L]

| Bial ol 1}
ull "y

Ly FE VRN N S
[ |

"L
af

n

W

Z

Ky

L iy
i-.‘&

4 -F'i'l!‘ P

S Py B R
L™

gl ghky
'-il‘_-_'_hf

e T L R L R T
L5

[ F W
"r-.:'l'-'-i.-

gy

P a b Cm b =g "

‘b
LAl Em ey
LN SR

aFaink r'-ni"_-pl_nl'_mF'i
u

el L

Tt Fulbm B g™y

A wlpgradis

at st "

L L L1

il i I

LR T YRR ) ]

oAy wpmgd g

e ¥
L
Fpd o gd

P

[

™

| |

w

adm e  ¥epp adirtrampb g rpbhafcda®
[ ]
ul
¥

il-t-'.lll-.h-,-..\i_ll
g mg g

g ad gL
ot 3
Felarnd i nbnhplglaWaly® ply

L L]

Y T Pyt T

aglyuguptyiuss
Ul dyuEgmpuy
"R L A R

At

P s W " Py

¥
i

m i A g WA Ry

M TFLT L]
glgd "



2a

US 10,475,663 B2
3

41

Sheet 5 of 30

Nov. 12, 2019

U.S. Patent

30
28

40
36
22
40
32

3

o \ . ; u..“.“_u.
e LT 7T
*ri'. # 1 ...l_- +.." _.l—.Jl-.m.-."._ h.l.. 1 ..l kb -
el o BT AR e Y
.i_l 3 an FEREETE Y # F 5
2 Bl _ f_.. TR EATYS aeey sae kit
=B .F 1 i i peannd
._l._i_tm_.# ; AT P p _.-_,’ agypunn
i . K eumadada’s g — Ll ol e
Wy o} ity - gty M Tiisni
;__.i..-..l...r. N\ / Taravarie.] ﬂl . ﬂ.-..l_lu.._l_. -
e : sodaimlnd g -y
i _ _/ ATl RO
. nﬁﬂ..” : ey r..n...l..... TR T W W N f e pde T L - i AL
wrats"e A AN A AR EL R A AR tibell Artet et - T
. ..Wi gk e el Lotk s N AR N K AT ; [ = rmras fud ; P
l.i..‘l_.r#.n ) - F-._nml.-....._nl..-.-..ﬁr.-.“_. -_.q_- ettty ”'. / dind ke, li__l.i_*...u_r
5 2P f e ol g : ity ’ il g ® - g
T - L A Y N Pttt § ajslels
FLE Y e i e A Rttring X
.-..1.‘..;. ? _ g .-_.-_..m ] _"...... . " J.,I.‘.I.-_I_
. Pl Y o Tt
i.‘.'_ﬁbf / / -.....:.”IH.__.H__"_.J . q.‘i‘*ﬁ.‘
Rady: NP T S
M / AN e
At k . s A
N HETH . _ e
ek T f . : : Bt
et TariiE SR B | P
O STH (I. Erb I 5ok X
b il _-_.-. lu‘.:_.wl.l_-i " f il
.-..l._l.l-. r_ irae - 3 PO S - : ,_i_r_l. 1...J
W Firhdhings durasn Rl ; Ly
L ERIG - S e " + I
»at A oL PR _...J EEER LY g
752! f.ﬂ e Lot I L CCEn
P At Sitee / isnis _ Eraq |
-.,_E_l..'.__i....m.. e M1 -'....’--’.’v’.'ll” ot | PR A Seripy , o L A .
. > ) bl St Sl Bl . ‘...J..‘..’u.p..’.‘-.f Ta'amtyTmtr , ' R .'.r.f..-r_.’n ; ‘ "
'_.i.ﬁ+.'*+ﬂ :..l-.-.rll._.l-.._..r.lhul..-..—-l.l.uu.i._l!.._.un..Jn..- - - I L -.h.-—l- A . -.-.ﬁ_-.i._'i'-. . ’.‘..F.-'l R n T e —
W e L ' .I_. Py " D R o T e e A ey
e e A o, ..I. sk : S i e e TR
e et r.l A ” L TaaTa hﬁ..rl##li.r!ﬁf#!fiﬂ._ﬁrl.
sl e Ak i : ¥ o’ N, .
.‘l...-. - 4 e B . ' ﬂ._.h . i : I_l‘.I_I-.'
. _E,._-..J > ‘L L a-u..nh-.u. k-l _'_f
[ LS pay: E et - LM
*“- ErTEraTe ' .-.u..l..h.- +’.’
L LY LRIy ) T
| AL | e Yy AR %t X
a4 FE Ry , R ACE
i ‘_.'# ‘FIYET .—.-11.4_“-. L 3 *F
‘+- ‘BTN i ahul W
b finiisy 'y
Pl Tty PoTeR o
S\ b N e OO0000OCCO ¥ et
i ". . | .Ic . e .
S b R NN
B, N ” o
IR T At bbbt e N , R R, ,
o puffiiit T E N T LR L LR L L N TR . 3 b ) e p— - L
ot | O RS i) ) _f ” et SR N
a7t R R A T S T ) Aty : 300000t O BT SRR
e A SR AR A AR R N RHHE | e ter L N N DTy
. - e ) . .y : e ! 1 . R e LSl gk, L LI gy,
Ly . fl E ! g e I Fﬁlﬂ!ﬂf?ﬂfﬂ!ﬂfﬂlﬁ
.*__'1.’..4 ..l--i ¥ _r d.p o i 1i .‘1 *’.’*i . dtar . ¥
+. E '_ ; LA Al | » **ﬁ oy : :
”-_,1 -J__, b W, -.-mu..q.ﬂ.._. q-._u._ I.i...*.. f
s N Basen
+ l_..# iy ™ Hu...__..um-phu.___hﬂ oz .i__l. a.t h
ot Bt X
ol ‘.‘ ._...__IJ.._.-..__Ll ll..l. __'#
o Tt AR Rt g o
“_-‘.l.im‘ B L IERLILL :.#.*.’_
-*‘ -.-...Ilu.-:ui.l.l-. : |.‘....'r
T Tl Pt K" .-;..,#.
.‘-_f_f.._l.ﬁ Famgt whyw ‘ *I.T.i_t '
! : Iy N N T "
N *..’l#ll.l. . g l..m b ‘.'. g '-*-:
e i AL N P . T
sret kg II. prarters T B
R e N B B i1
; . | . . - - e e Y . o ] -m
!i,__.f..-.#_..l.. I it .d.-’“fi!f’.’.f i. f u.....rpm.n____..- ERS 1 ..i_.in.._l._m Y i m..b.._.m m .
.* i.il'&... _-.,....-,-._._..r_..u.!_.u.-”+.._.qi-...____.__.._..._.-.-.1.._. (I R . : -tl.ﬂ..__ s N P F .
I__._ gt = e g p s At e s mbad e -”.H....t.f W el 1umE MR E, e, : e N h
|‘.._I.. Byw o mw o mg b o mgd e ..,_.“1 L i A ..'.."...' .
.._.'.*..rl.lﬁ .I.-I!:..-u-ir.-- .l...—..ﬂlm:-- |-_-. l...lm _-....-._. hﬂ i.r..ﬂ.-rnhm L] u-__".._"l _-IH1H.. r l.m.q.“n._. ..-. .1‘.‘.....'1-.‘*.1' ._-._._--h.“ rl.: M\l..h “"h._._-. Al Pt s FadgtulilFml ly
Wt TSR L A R . FEA ] ¥4 afo 1 SR L S SRR |
.y .‘.*“.i....l_..l. ] AT . . e i l.i..‘._ﬁ..r._‘..‘..h R i e AR w ah WY .f
B i AN _ Wy Y v b Al A AR
Y . N ! L ...‘. " .".‘..f..‘. i ; 1 .
ale i qatiyee . . s I St EENE
3 e ‘RpaAn T ! : a g +l. L " .
*‘..-__‘-:. m..-.uu__u . "f BT A g it ' “...1.‘. r g :
&t 22523 s _ f ot ¥ jizi
S ke aadd bl f Ak
LI CIbEE ._Fr - .- oy n
s ﬁ_i Famn :-f - . _‘.*I . |
-..*..ﬂ.-.l.. JEER N LR B ) ....‘i " LiRak]
l.....!lmf. nERAE R e e My il
andgtrr ) ) [T
.-'.ff mm - i*.l. LY
ey W : .l”-f hrrys
.'l.‘..‘.’ raak
A,

8
34

1



US 10,475,663 B2

32a

62

Sheet 6 of 30

FIG S

Nov. 12, 2019

U.S. Patent

40
32
2
5
40
39
3

N g .__-unn ] - ;
ﬁ. o T [ a o . et .ﬂM HH_#
Aeddan ; i
% R EHAT e ”
. .I__l..-i...”r g o R ' ) w0
Fpeeat f A 11487) [ ey
Ny, T FatrEd . o : :
] __r'i..?.._. . LR L . ‘. A
Ay . . . . . LA
e - T = Eﬁ_.‘ﬁ =S
R0 Ny & N traves #.ﬂmu..wn._ e o o .
-“ .?....-:l..*'.*.— .-__ - - - .'-r n_ F-F.;f-.'.n‘-'..‘wn'.’.‘.’i."ufwj. » ..”.‘".‘}“.*“.* ] gy .._-.1..' " L T ™ .w..' .ﬂ. LS _-.r .m.l-_ .”_ lg i
] .Mi.L;..”%....u g -t AL .-,._...._r..”.....___.n.m u..__._um__u“..._.n.u wu“.uuun. " : .__..1?&#.-_.#. “ a2 .-...H m.ﬂ.m = .._-H.m ..__.__m..u H..“ - -...-“. .“ m.u. m .n.n.,___. ...,n. w_. q_..“._.r". i " .
3 BOOSRE s i Ll Tatoted [ T Sl A RS E A )
o K R D e s . A gl L e e e R M T W T T
A e & | _ SO
n L g * nt ;
.1 “..“...._.r | -'...... ’ # S rwhcl
3 o Tod 223t
3 I ot h X P
3 . e A B : T TR RL
L B N e oy il Pl
ek LN Peleen
e LAY i. o - o e
3 5 ; .+“._er 11t
2 KN - LN i
+ " ""...l.“_ml . ” .’ dramom aigy
T B L - .ﬂ...._u. [T
3 D543, 5L g oty e
3 P53 R e,
. lt".! i F FERATT .'i_.ﬁ.l.__._.
25 % Hih " g 2350
. 1L A 2 fdmgms v -
b B e A e . el %
; ........-....a.#.«........l.l.q.rt.r.. o PR - {2 € *wte 1o,
. -.+.f'.i.‘t -.-. .“l LT LT L ’f’j’ ’.’.ﬂ’i‘!ﬁ _ | ) i_-+'* . .‘ - - ”r...".i .nl-.E L Rl Bl Bt Bl Rts el B Rl T it
s LT R I LT E I O AT iy | ] N Y o e I et s L e e LT L T
=N - R A F.ﬁ__.."rw.hlu.t.nmi".....inill.-ln.iidflhl-.!mlnur-m-.-. . : . N ..'..”.i_ .-.‘_ P T A R I I T i
) l.” -..‘.t.'*-ﬂ.ﬂ u.fh-.lH.F.-.lHJu:“...n.-.I.ilm._l.__..-..-:...ll-..-ﬂl.wu...nui...l...ud ' L 3 -.-.*.t*..*i .. [ k"I N - .*.'
, A e T Y e £ B 60 0 o .
. ¥ -__-...-.__T i .Ful_ .‘.I....l.r‘-.’. : : : q.“__.lmll_ .J_.l_nl. ik
o - By I D EE e el bt P
] - -...'l ! ..i" maEdw
. g ] " R LR ! - ._.' " -
! e Wt N R
& wnmxm o .nﬁﬁﬂ TR
K DL : T N s
" -' *. S ! . ‘. " [
T : * H ‘. '. : -".h [ ] .__l- L] _-...
.-. . ; ..*I..I.L..H B ; "..-...”_I. " "LEE i} "“ 4
i 4 wr LR - - L 27 na.
. ] - -I.ip.f. b : .i-_ln’ Y.
h k ...‘.i‘.r.‘. [ ..l.'.“_.’_ { == 1 Hm ,
m T i**. l.r b E - “-*'..'ﬂ' tll.___._.l._”.
Baed ek _ Y ke
[, 3 ._...J__.._.. N . ...T..._.ﬂ...t. fiiaits
8 g Lo M Ealer ” FERILD
v " [ Y g v
- & £ R PRy "y i b R
B 4SS SR e RN S B T TR T N
. R e e i g iy ey ' LR N __.____n._ﬂ._..._nq.ﬂ._..n._.-.-.1lu.......-_m..u..._._-m_lh..ﬂ._m_.:...
LR - L -_._.._._ml.._.-._..-.‘._.-ul._.._...—....+_.._..._..i_.¢_._l._-__-.___.-h I L L .i -._l...._-_-.-nnL.-.-.-..-_.._.-_.-.-.._l.-_....-n-..__._...u.___......-_._..-,..* .
i B Petatar 1 SR AR R Y 4 RIME 20 AR
4 ; el 1 AT e = e g .. .."..-_.ﬂ.t. a2 e et st ekt
y - .‘.-.l..__. .‘_.I._'.‘ - - ™ - el o N .'..‘. e L hr bk
1 - .I_i,..-..tp . ﬂ_..*._'_.’ ; . . # I.__"._.”.
L) L ; r S
123l WXL RKAEY
v, . r..+J..H .....E._"."r \ ey
[ - _ N | 2 & il |
RIRR ey -
5 o ﬁﬁu ”@%mﬂ %
22224 35054 L bond 13
2 O e IR P .
4 : .ﬁ.,m_,ﬂ ..Hﬁ,u
£ 3449 Bos: | 2
» B BARE . g ek
1 ik .Ii._.i.--ﬂv. s ﬁ_.-..-"_l ” ;
* " . ‘ . _ . -.. *.—*- _rﬁhl-' .
(1 0Q DA et g _ 2 A v . =
’ E el pre M R A R AR AR 2 I Tk S et ettt
1) A g atd s, - i o i -_! “. o — iy e Y IR R I I P B R L .
LB " l..‘ + ‘ I LI IR L M ST R S L R AL L L RN _# *.." ‘ | e nramns e e sy Fa iyl n et bbbyl
- - M o k. e mn g gl g g P S Ve el g W g Wkl W O '_ N of b L O “ ; '
4 S POESEF. st et e Ly ¥, Tty i : - Ly
, y .....__.."..Ht”._,.. P A s ED . .M...H.v_.r.. a o T LW O O
. .—. .. "_I_I_.J_ _.I.'. . . e _— “ . _I..-.I.I”#_l.
X g .___.ir_.““" % Podh}
) . '*..'._. A ...‘._f F
’ & PR <. ¢ B )
" 3 BN X N
» 2 M i - R
D222 X BBA _ “ots iy
L % My .1__._...“__.“ N
Lo § 0081 LN

64

20
60

al

LA A o L n L) '__I.-

60a

r

LN

XA X

e

-

¥ X ® X X XXX

. 1

i e M P e e it S et e e R e S L R Y |

. - =
s

b |

B = o e e T Rl R S T A By L e s g e

-

[ B el Lol Sanll BanD ol BLAEN N B et

K K KX KK AKX

Pt el a® Py W w

P



US 10,475,663 B2

Sheet 7 of 30

Nov. 12, 2019

Doped polysilicon

layer

U.S. Patent

Brift layer

Gettering layer

: .

..mgﬂ'f"f“ '
1[]19 N

108 5

o P

iy gl el e ki R S At e ol - LR EF T

i
-

. . . . . . . -
W fr W A ey e ey

i

> w43
1 Wy o

[e-mo]Ayrsuop Aunduon

10

).

1@13]___.
10

distance[ym]



U.S. Patent

Nov. 12, 2019

Sheet 8 of 30

EL O I N PR U A KRS i"q WA R W WY i A Y e
‘-“'nl*f'-th*r"'i*l"-'*iifn*-s*-i-fm*#ihﬁ*i- &

D WM R e W N

Lt W Rt I ey T R A R R e

S X A P R T
: . N . L : . I e e e e R W R R
9 G e e N e ) 'ﬁ"*'*!‘*.'tr'lir!*"*?i‘ +i"+‘ll#;l'{l'.i'#' o I L A BE B N AL e L T G 8

e

W

pEyE

3.
T d e g o F b Ay

- - - N . N it e e Bl e IS .'.".lllq-l"l'."_.. . i
L wpr s .r.iug-;'t!-“‘+'+'-'+:fifit# 2 A AT A _':ji!:r:*l-:#__,.'_fti*###tif#d'#!fﬁ ePOSIN L L ST bl el
. e b -'Fﬁiﬁﬂ - ; = . iy ¥
- - -.!l_-"--.-u.v—-"i‘[ Rty et i’
’ . .il- . iﬂ.:l::;:l . ?‘_- ‘:.l F
‘." Pyl :L:t'tfl I‘_.t i
'= i ’ - . l.;}:-f ’ :T,."*,'_f_ ﬁ
# et R Ay
T, ares sk v d f
# ..ﬂil+ i l‘_-l‘h.I . ﬁ_r‘:" .
l"t el ; T-';'r' oy
. 1 laxw LR Ll _l'.: )
st il i
L SR A B # 223 7
Ml JEaY S0
FRd SRRy Ay
LR e r 1 ;_ : gl sl
; .:l::P A i :-:i.-‘.il ; 3:?: ﬁ T A
- ' =ut g - bt R e i immmrk At md
- # e : f:": i‘ T ;‘.:: f A e e
Py o 8 ¢ B Nt R
J.l.lll # . 5 R ) : ahp? :.Jh:p:_-p- FE g EEg ok
, L ’ i r"lln-: f 1-:1‘ ‘. : SE ALY 3
F BN [ Ef Has
1-= nst ir'i'E; [ ot
E, J"i‘rwiF 1{!&EFJ'F _JHJ!F

Fastiusyranas

Ty u Fagp u 'ﬂ'r" "

.

A ypg~- g g g " PPy 1a® g’y

oy

. 0

Sl e

([ IR P S R F NS R ]

:

Br Jr g e rragrufga b fmghgs

s W R

L I NS KO BL N B . '
L B N i ! ' 3
ettt me—— 8

o A AT S T A

-

Ty T
FRILTTIRL LYY .

US 10,475,663 B2

L "#;I!_r? **.:;i!i- ; ¥,
f. - .q*{'."-'-i .



U.S. Patent Nov. 12, 2019

G. 13

.‘Ir‘I.'."“I. 'II"H'I.I . o

f":": o Kf.'rﬁk ' l."
mmmmnn uuu% A r'ﬂ L

36

Sheet 9 of 30

US 10,475,663 B2

- e ] - omom -

1111111111111

-y LI I

TETE TE TN T*TUAEAw b B B B | b B B B |

X X XXX XXX

] o R RV IR L Rt T

J"“".,""“‘L L R "._1-"" R T G oane ! ';.-F"‘;u"'- *"a-?" -'LJ H*"‘r-ﬁ“"ﬂ"’-#""w Yk "-.,l'“‘h..tf"-.?";. 'L‘.,- L """ ":n.""- a! H..-* ,.*- """:4 e W "1-' kL PR AL '“'a-""-n--f
“J'-'_\"'q.-' ' - ;---r ..'"" PR TR .--r ...'" a7 ,.--'.T_-.'- ad’ e "1.-il-'-r q_?l.. ".,-a""...-bq 2 "-.,- " 'J o 'H,.. L_.“'l“;, *,‘.:"F
- ""ﬁ'h'h"' ';l.\,-l_:u .l i-.,! -Fhl'. - '.-'.- I-I- 1-.-5_'?.-- LD . .”‘_ :_I:' "I-" .-\.l‘ ‘.-\-I _“ "'-.iql."".,-r'r"" ll-\.“"\i-\.*f-. ! .‘...c'-'\.."hI| ". -|"||

LI B

XX ¥ X XX

H) ='\.|; Ar7aN e flll Lh o Car 'lll' u‘-'"ﬁ.-l "'l.F Iy -..-l .i"l.LF "0.‘ "\ull ) 'l\-lull L -..-i"\u'.'ll 'u._ 'ﬁ.-l “I,F L] ‘- Ta Ty T R T o LR TR TiA T

'.- . by ] L]
"‘-l.i-."\.'_i Mt ‘l;,,ul L "-_..'-r" v "..1'"‘ T o e T e l.,s Cea™E e -.,.."""«. v

| ]
h T
L |

b .
- mma

LW LA win wle e e e AT

20
64

){X}(}(XX

T <m p\.p Tyt rar -n.j'l.!- -p -.a_ P T T :..-'-.

T i.'\-':h i'|.I'-|'.:'-r|-.|. -'i"‘--| :.Jb"'“-l'h'.r" '1'1‘\' . '|.|'J|"\' h' 7"'..{"" h' h l'q1|_i'h-1i A

r » HY ) . . )
-, .,_4 .,-'J’l;l.nl ".,_.l L] ’.,l' "‘lu“\ﬂ"“? T “' 4T n'_q'l.th ".,- Hi"k o . ....'H,,l. e, a7 e T.-..* v T AT e ".4.-":.,lh o *;.* ..ln'_q_- My e T ™ LT

EL'-\._ '.l:H' - l-""-l. 'j-‘-.|: P |r‘-|n.| ""'-;.

-----------------------------------------------------------------------

-----------------------------

3

XKKA“{AXXE{XKK‘{

A R n,-" N E 'vuw*.-ﬁ..**;"".-'ﬂ H L f».,f"t.-f S T P s -"*.-f n.-"ur“.f e Tt T LA T J*f*.lu‘m Lt T '*.l LR LN L

,-I'""._.l'".i‘.i".,l."" __.l."- J'l\.ll' Jlﬂiinllitjtﬂjfﬁr;f’ﬁ'"iff rl?‘flr!r‘#l.ﬂi."f# ‘?",IJ'I,I’-.I‘,I’.'*:,.*" F":l'

ﬁ_-'ndi’xﬂfl
W L

'-J-*a.n Hay i RATAY AT P 5 L R e e A A e L .-"'-..-"ih.f ¢

F"?"Fﬁ“lﬂ'ljl.\.lI ll'-\. Jl.\..l"\.,IJ!._FL\.JU_# "f\lrll. p:. .'il\.u‘l_ I'Ii!.dl“"."-' ul “,qr_' “"F ?'.-'\._.:"F‘..

h..-*nw N P R g e i e e e e i e v g e T e e N e K R e Ea T Y *h'*uﬂ'ﬁ...:*"*."'-.”w.*t.ﬁ..-"’*_.r‘*- TR e P 4 o ) '
il .-"rhf&-"*u'r'-u-"w""-,-"‘-..f 0y 5 o

o i ol T g H e s T -, gt ALY



U.S. Patent Nov. 12, 2019 Sheet 10 of 30 US 10,475,663 B2

PRT

el
M i

-------------




(0/\u01 =00 ‘AQ=2TA) [A4] S90AQ

¥ |
w53 G L ¥ o =2 1L €2 LES

US 10,475,663 B2

| Vﬂﬁ(SEt}'fqﬂ%:j
-o= Yoo (sat) 125°C{
o - BVces -40°C '

-0+ BYges 25°C

e s B

Ty oww

Sheet 11 of 30

FIG 17

Nov. 12, 2019

ANEQ\ %m:% »memE QH_ ﬁmmu m&,

U.S. Patent

Carrier lifetime of N~ drift layer[s]



’ ’

I
i : g . r
. o EWE W o e *‘ iy fod iy Aph plp ' i L F I
"'-_h_““i’ﬁ'"#ﬂ* i . .
. ’ = i, Py - - - e gy By
L **“-*“*“h‘--_‘
h\.\ [ —_— -i--h-l—'—-l-lul-'l-lﬂ-hl‘r“ﬂ!-_ﬂﬂ
-T'-llll ey sk ww wem s e T M- AP
. H‘*“‘“n“ ...... i} “H““_H'_Hﬁ I
I .- -ﬁ-“T“-ﬂﬂ--ﬂﬂ_ﬂ
b I [ 2 T, §
i“ OE iDg "l""_-l-ll---““.n I
| ]
*
I H

0F-06 1.0E-05 1.0E-04 1.0B-03 1. OE-(2

Carrier lifetime of N- drift layer|s}



U.S. Patent Nov. 12, 2019 Sheet 13 of 30 US 10,475,663 B2

G. 19

-
L

EREEANERERE

- W
Prlingd 1

[T norh =

-

L T . ™ Sy oy v A

.|H .'-. . - --- ..' -t - . - my
B e e T N 4 wa wH P NouR oy ey aty,
ST et T z R "':..1-}-"‘.4" o 1
a A 1 R . L | - E] - 14 1" " . " R [ )
. l-.j-\.":r..u"'ﬂ:i.-t:.h “‘J‘“‘fﬁa\‘;'ﬁl.r"’l*?'l*‘; |I,|"i-'?_‘"'1-ﬂ,|-'f.l"l-_"'r"i'_".u"':'_.l‘ﬁ_-“; r‘.:.-'.‘rf ‘!l"_h}.lrllﬂ .'..-_""n.‘.. trhh“_hl"hi'lfh."'l_-'l h-.," hf,."'ll-i' . 't“ a
. e r L *oowa1 I R N Calinl e . 1 = et wm e e e e T T e .
o - 1L ' P c e e T by TH e L T ""i
R A e T I R R I .
a s S s e s e . R ' '
LT B T

[

.

Y ' " Foaa ' ' ' " L3N]
- e T
o', - 1o “roa - - - - '
R e o= o= EL Y s w = 0 = oa '
. e ] NI I I R I IR
w ' . .
. 2. . b o - .- - LT
L I -"r .-I I--I'|'|I-I--'|-'| I-1 .
"‘Fl Ce et I T R TR e
' I T T I SR B R \ My ;
1 : T T T T g Tt R T L I RN D o :
P, H . DL Vel <
) - - - A - - - - R .- O T S - = S - -
i“'.. ' T "-!'\;."' . ..'....".."..1...;...4\._]!....H-.""\-J'\-a"..-...'.'a'.-. .nl:'--.:' ' w J
. .. ' . ' ' . C
,‘IJ F B B R T T Vet Lt
B T T R T T T o T R T I T ) L P -
o ' . ' - »
S
: <
. -1 =
. e ', LY -y s
I N e N
= d SO
- - - B e LI T R T -
R N R LN R
. - . - Lo
A T [ L

" -
R N N I I
0 0 l.ll -I
'ﬂ.-rlid_-'.l:‘i'lf1--:"'l
-:..'-'-.-\'.'.-\."-r'."--, T P

. _-._'.‘ ST T T .
: . ) _ T T T T T T LT S e T T T T T T T L T Tl e e T B .
e e T o e e L e et e e g e N e e W e e T N S e e e s e R e e e s e e T R T e e e il e i
- . L R T e A e A AL - = B T o L L AU :
| S . LAt e T e O IR, v, S IRREY L k. e VAT e, - : L
] . . - - TR : T .
. e N N O I .
faras: . h . h
. - R N I I 1
2T PR P L .
-# 1 |--I -I|-1I--|I—l| 4 .- 4'! lt v
- - Tt wo- L n
o ' L EP P P £ 3
. . ST W T o .
. - Lt - X L M«f‘
'|- [ ] I ..I . 1
||I-| - IIJII.'iI..I |‘ |-.| |.I| -'II |.I|‘|I| |I.I:'-I.-I-|‘.- |‘ + . .
e e s T e e + L oy
: ' ' -Lﬂ.. a I-..-ll.\.-l:l o oa -'I-|I1- : - L u -
B AL A K o i &
' g e Py o v - L= -
SR L Ll W * . =
. C T -
IO WIS S " . J l o
. , ‘|-'.' I';. P, 1 + '] L
I.* - ] - .
H - ¥ 1
= H 1 1 n n
x b ! L ! x
£ L] 1 " ] r
. LI i ) . . - . % . . - o .. .. . . + K
. [P A g = - [T - oty m n - o g -.-' [ : - o [ a : e g e s [ [ — g . =l T o w o - - - - =
e s i b i | e 3 SE NN 1 vt

00 200 300 400 600 700 8

Nes

™




U.S. Patent Nov. 12, 2019 Sheet 14 of 30 US 10,475,663 B2

FIG. 20

lifetime of carriers[us]

- After anneaiing ':
stepn '

| After etching on
lwafer back surfacef

Comparative
example

- Embodiment 1 '



US 10,475,663 B2

Sheet 15 of 30

Nov. 12, 2019

U.S. Patent

M8YY/M86E ‘A0DGY= S0 A (;wo/y) S30 p

ﬁ.o_ 0045

mmm

[ue]rakey woomsAjod padop JO SSowfony; 1aAe] (aydurexs
SALEIE mﬁa&@

i aimk "mift Nl e il e I W e

..............
. ‘I.*t'Ti_l.tl':.lt l.....ﬂ..”l._ - e W FI."

Ll ¥ i

i ol WG ME WA A W W P

Ay

et

i

!

f

!

i

l

!

i SR

W Wy g Sy e Sy iy Ape Ay BpR

ERETESTELENFNYNNNYTR N-B R

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

o
o
£
 §
p
b
B
b
:‘E
k
JFJ:

xwmm S,mmwmu m_ ——
_ W86 (1BS)30A —o— |

" ‘. e wm A wm e wmT e wm gl e my W

Bl gl i i dplh i Gl ML R e R e gey ey ey e g dml o el mw o o _omr wwb e el ke el e AT

NB6ES/HBOZ 'AG1+=I] 'ZW0/¥95=Ig (A) (ws)ﬂﬂf\

[

N8BS 'H T Ly T=5T AGI+PA 70 /¥9G=0p

907 (95| ndy/P 5. 01X) (388) 073

b o o
—

"A008Z



US 10,475,663 B2

Sheet 16 of 30

Nov. 12, 2019

U.S. Patent

MeZy ‘s 7 11=91 "AQ098=0A (zuo/r) 953
o o0 LD =T ot >

1060

500

r
i

PRI - SR l-‘.-ﬂ.ul-'w-r.nru'- W N W W W Sy
i

R ————
L=

250

A Mk A VN S e R YR mw wm g W e e ol e G R R PR B3 R oA e A e R e o

et G e wm e wmy mgm s Bl & R M- WO PR e e s Cmte e e win i i B T YR ey mm mm Cne S e e

. -—A-.-qu-h' t#_'F-'_L"?".".-'F- N -ﬁ-L-nrl-r LR L -..--.-.- --
= b . . . R

example)

mumnw,—-hﬁ_f—'ﬂﬁlﬂ

({comparative

i
1
1
;
'
1
1
i
!
|
}

LR I N I -
l“'.' :
iy e i v Y T A R ek em ek
LI

T Kplaksulards iwhiab =T 0 T T RIS Tt

MEZv S 7 L1=93 'A009E=T AB (A) (iERIQ)IAY

layer thickness of doped polysilicon layer



U.S. Patent Nov. 12, 2019 Sheet 17 of 30 US 10,475,663 B2

[EE LI B I L I B I . RN R

P gy ey e

+ JCES becomes lower

¥

;

E_

' VCE(sat)becomes lower

': \?EE{sat)bmmes stabahzﬂd

[arbitrary unit]

VCE(sat)
JCES

1016 10 17 1018 m I9 1@2{& 1521
mpurity density in doped polysilicon layer[cm™]

EG 24

enk }E?
160 f-------- Speenssea
. h {
R ; )
140 f-mnm - et -
) r
3 5
1 28 {“ ““““““ n g SR e }“_; A
o : f ;o ;- m&mbﬁmmﬂm I(Z%K}
B 180 & e beemeamadobeafoes e embodiment 1(398K)
-_‘f;‘_. H f L/ = = COmparative example(298K)
’T:I; 80 Ef-*_-.r-._--.--_a-f..‘---f: ---_~-~-;~.-;-.~-f v e COMpATALIVE £XaMP 5(3931(}
5ﬂf_fﬁ.t.??w{ E“L_HT”"”H:“ .
1) )RR REEEREl o S Al il teltatieiols Waeigieie
7] #;ﬂ'éﬁ-'uﬂﬁnl.'_n-—rhvnq; ““““““““ '-.E nnnnnnnnn
0 . : |
0 2 4




US 10,475,663 B2

Sheet 18 of 30

Nov. 12, 2019

U.S. Patent

gwitching conditions
Voe=2800V, Jo=66A/cm?, V=15V, Ls=2. 47 uH, 398K

5.0

4. 5

o -':nmavs . ﬂm]
B6A/cm, Vg=+15V, 398K

e wm e WY P W ey ol g

o

..............

o
il

Ve (sat) (Vi@dg

o m wm b g o oww b e P T wh e \i

e e ww. ' M ey e Am md Ml WM AEE TR e gy Sy e R by g Syl gEg By
........... [\

b

o MBBEHTLYT=STAGE=A
210 /¥96=3 'AQO8Z=D0N8 (38 | ndy/P - 01X) 3407



U.S. Patent Nov. 12, 2019 Sheet 19 of 30 US 10,475,663 B2

F1G. 26

J £ VS, VgECharacteristics

16U
o~
o
&
@
‘EL
&
5
<
=
5 7 8 0 10111213 14
Veg V]
Je Vs, VGECharacterlstics

Jc(A/cm?) @Vg=+15V, 298K




U.S. Patent Nov. 12, 2019 Sheet 20 of 30 US 10,475,663 B2

FIG. 28
_ J._Ef VS, VCES Charact iCSs

i. 0E-01

W A P

N S ey
500 1000 1500 2000 2560 3000
Vees LV

FIG 29

Jees vs, VeggCharacteristics

1. 0E-01 p—p—— t nm~1

1. 0F-02 & I H4 _______ “

3
)
"

0 500 1000 1500 2000 2500 3000
Vees [V




U.S. Patent Nov. 12, 2019 Sheet 21 of 30 US 10,475,663 B2

| EOFF
lces Al {imd/Apulse]
8Vees =6500V | @Vec=3600V |

398K | 423K | 398K

3 | 3015 [3120.81 7.380 |
l 312 3

~ comparative
example

ok +
172.2 | 4141 1.020

=3
ey

Cad

addifional
{ comparative
example

6. 447 |
]

- ey = = - - = L - - = = = - - = = = - — = = = =
- T 3 > 2 3 3 B o EE R ERERE R EOEER R EER R R EEEEEEEEEEEE B B B B R B e e m e
B o a & L o m oa a

— s

phplipiylylplpiyiylyplhyhylyiy
-

 embodiment]




U.S. Patent Nov. 12, 2019 Sheet 22 of 30 US 10,475,663 B2

Ver (sat),

\ Jees destabilize

A N TR T W P WS SR s Ay g E A

Il_."l'l"'q_ ---------------------------
r = B N % o . N -

.mLEEnE

- - B

VcE(sat) [V] [arbitrary unit]
J ces[A/em?] [arbitrary unit]

2.0 4.0 6.0 &0

annealing time [hrl



U.S. Patent Nov. 12, 2019 Sheet 23 of 30 US 10,475,663 B2

t:ﬁ‘mtxmxw-.v.'ﬁ.mnmmmmmm

Ra I Re |

110106 !

PR ﬂua,mxm \ﬂ‘k&%ﬁ“ "ﬁi’i‘i_ aax“w i | o 1@‘1
EERREPEN g QP @by ﬁw Sl

1 :
} ™ <
| 102
’ |
!
i
_i{.
| N i
f
i
§




U.S. Patent Nov. 12, 2019 Sheet 24 of 30 US 10,475,663 B2

FIG 34

o Fropiyrs plg Syl g ey iy g iy . . P —ry ey Sl iy e -l . - ) : N . B "'{"_1'."' ""I_:""—I' by - : = F i . = :
sbhalelubsl nbolmfh _'.F_._ d b Y ’, sn-rb-i- ] :#-'; _:.;}, pdnforgm -h.;'- dau s hrfe)ng sye=gryng= l.+'.il : n .-1 T LEI AR I ] I.Il]i h I"l].‘ ' tr i L F R REA A N 'ﬁ!.l ] _'||._J . B J " L] ‘ ] : ' sl 44 b . 3
nfFefdu Li[g L uflr o ntmlagulafufults FETLET I - * ng. PN B R B L K _u A L ES EX AR I3 E-E . .|_ +I||. _q;_' .! ‘F_ :._‘I:- LN ‘lt '}:p l! u _I Ll LY R el v =R ll--lll == -i"l- L RN L R R BN L L R BN L LY N I-'I.h .

" oL . . g o 3 w ] ] . A h fnllugfiey e r Rl . i - il ol e It by b ~ ) . .

P Py ePey ey« - Nt 120

(IR ETER L ll::—|l:riltr:1'||" 1 h :
hrkrhnle Y datnlelelehmtetndpfelmlnfoufmpenufmlajfaf: [eh- . agafa]l=felunloln Jafpefaulln]=

g™ mrelry m w7 - - 1 - R
71 il I A F mlaguialageley E afatrlrwjgufagulr . b L Al A L i
1 M I! sl abonl b 2% Jifdnh}l i’F'h I REEELI AT RS "'F' L8 B Rl : . .
) u 1 L | i) e LIEEE L & B Ll LrA 1 L] 2




U.S. Patent Nov. 12, 2019 Sheet 25 of 30 US 10,475,663 B2

e T %

364
|V 100
xxxxxxxxxx&xxxxxxxxxxx :ﬁ




U.S. Patent Nov. 12, 2019 Sheet 26 of 30 US 10,475,663 B2




US 10,475,663 B2

Sheet 27 of 30

Nov. 12, 2019

U.S. Patent

- . . . -y ? e B N e e P S P i = 3 SSS ik =t - o= 5 = o
*h[-a':n;'iin.- d el P e WL um o Bw me we o len pu fr o ol s o e e e oA e e R e Tl

200 -

4
3
3
|
1
|
1
}
i
!
t
:
i
)
i
!
i
i
i
;
i
t
J
i
l
t
'
i
i

— 100§

v

.....

- — ~ .comparative example(298K)
—— comparative example(398K)

. = = embodiment 2(298K}
e ETIDOAIMENt 2(398K)

H

Y A L e

150

Mgy g g SR g g E

%

=
=

M w2 e

50

¥/,

. . r -J|
dgt gy i g Wl iy’ R eyt gl Sy o

3 L b B dLlishdisdiemleme e
1‘-‘-_*-_'-’:"-‘-'-‘-'-‘.‘-'-’-'-'-'«."-‘-'-'1‘-‘ y St r

(

)

1

V ax [V]



US 10,475,663 B2

Sheet 28 of 30

Nov. 12, 2019

U.S. Patent

F1G. 40

switching conditions

Vees

di/dt=285A/cn? s, Lg=T. 6412 H, 398K

1§ Z OO SRR W G U T R J: R e ey s St g -

i
|

® embodiment 2 -
30

il

P E% B - e W o g

k- P N T L R T e T =

Ccomparative examplé

L

r‘lﬂ-ﬁ"ﬁ. Rt ek s Bk MR MR R B e ik M) e EE ORI LR D W R PR OER Gl R O A O
Lo R I O g O Bl W Ehop W ol Rl Gl B
L . . . g . — e O

2 hal olir D OSE a2 S e e o el B SR e ol Pt ml kel WP b W ke ok B e il gt W) el el el ey e

i
!
b
|
;
t
i
.
¥
4
k
¢
¥
1
k

W g N B pEe g B RE g W —&n-.! S S S R R S T T AR e :-:L

D M . wh PE W A WA B YR P PR R
—— e e e M Mie nan [P s i i--'-.r_hp-_ bk ik i AR G

S _ . i N » _ ok T
e T T T T T T T AT L T AT T A T T R T T T e T i

4 -
4

»
i

o2
< o o3 o

 ¥86E HIT¥9 "(=5T's Mzuo NGEE=Ip/Vip
W9 /001=Y "A008 1 =00A (88 | ndy /fe-01X) 933

:1GDA/Cmﬁi398K

[RmiSiy
o

V e (V) @Ja



U.S. Patent Nov. 12, 2019 Sheet 29 of 30 US 10,475,663 B2

|'|._hr-|| .L"lhﬂxl‘-

-I.d-d-'l

SRty A L ‘\“ WY “-ﬁ-""'."' "'| ™% Ty ‘v
-\II EE WA JE EE .FFI*\.‘-I Y Eh AR hl|-|: Ilhld-n‘ll.- }L& LHEE;I:H 1{!:*:1‘:!‘;; ::_—iu :I

-'iflll'hli Ay W qi. .q

RESE R B B P R AT R s e s i M
. ! Ak . r -!ili i* Y Jh‘-g Jﬂ} l-;.lll - -.“i'l.d.:.lhr ll-n..il. ' . udhli.:l l. -'- ;b‘:iil**ll.ﬂ'l-‘ Ll Lt el NN T AT R Ry l‘--“:tl--l!—‘+|"" H
ey (g RS R e A S T R R TR e r L e d *H‘ﬂ"‘"'::”? R s O H e
ety "'J"'i""::':.:":.."l.r..“..!‘..*J‘.En.ﬁil“.!"""*::":"."';'."":!‘".f"::';;"'il':'.'"i";.:.' SN - S

l-.'l-‘“?l.l. -l.ll,JlT.u -qi’+r-|.|'|l; lil.l'l. l'I- :I I-IllI-IlI' L | ] - I . N - 1 2 - = Ly - . \
..,-....-.,..4...4 erpl b Bon Mla BB ol G| a8 WHBEN bads BB bk EN WE dom UE &N 17 BN EE Tl X . i I i m : ] !
E T ] r " 'y - oL T » - I u E ] i' ..
##iilﬂili.ll¥l4liﬂ* I R ﬂﬂh’i&h- hh1+ e -

By Y g g Py Ry *h-l*ll--l*"'#"'-l-"-ti'#i“"" ++i+{--l--l A
-&fnlrf++i t+tr#+ + +ii#++#+# L) ++ +#l e R N A LR T A li'**
e el SRR AR B PO At te ety -i"i-'*- o h"ﬂi"ﬂ."’-ﬁ"u"’n"’i’ﬂ-ﬂ#:iu Rt POTECRN
e o rrir.#ﬂ

L
FYN T NI Y W T
el Al - 1 . . ..
'"l mm m TV EE N3

:.l-l- L e gL G
}:;;i;:-;; : S :'l; :;;:r:: ;.ﬁ‘#fi‘.ﬁ“i##iq .;‘.."'ﬂ.. ) frr.rri*rmi bl WL T
' oK) Rt A s o b .f-n.n...ﬁa.-- i""r"‘—"‘"' . !"l"ll._."r"‘r “
' - :- ; A5 ¢ 4 :: e f ; 15 il : 0 e — 3 5
- ¥ eh AT £ £ 3RS F L4 AL ; '
38 -;;-.’rer-”. : : { X L ! el :.‘:qi._l,:_' ; A et el ‘
- A s SO LRRR AL -
Aoy £ £y X 'R T ¥ S Ny
. _ -3 BT f F |‘,i_1:."; r -‘ :..l: ‘ f _fq‘l:; ’ - .
3 !f[. | £ AT k12 PRt #) TR _
W - ol R o ‘ L F -"Lf,. W '1*_':_ _ s |
i~ : fEh ﬂ 4 T ! .'._1 ’ oy ¥ ] "
o A 440 fsh e iy § 3 ¢ o
' 2EARE RS 3 by s S I ) |
---------- SSy ALY & T— w33tk s 3n Y
Casnsnaina Pl 2 EO £ b R A o gty £ 'r.o - L Lo
sedarddsmarswin PR vl AR P R I L R 2 gt o 2 5 F
L FTREH I S 2 ERT # I o {;-} R e A o BT | P et . e
AN LR LR ﬁ 5.::-:- ll lllr:h. 104 # ';_'.l".‘ . I:.;l‘_‘_‘_‘fr_*_‘_‘-_.:ff_‘."-_hTR .'.-i-.l-!:‘l.lé-'.l.'l-l _! -.',',:l-‘._ ; - j -:l': } . . 28
i : i) ] A5 -
_— e S ar il i *rar

Y
N
AX
.
.
bt

% K X XX XX XAXX X AKX XX KA N~ |

-----------




US 10,475,663 B2

Sheet 30 of 30

Nov. 12, 2019

U.S. Patent

(088g-01X) 2 ¥

1. 0
5. 8
-20. &

s T - Wl M s

L R

720. 8

Rl 4% el wh W e R T ow o aE

After annealing
step

. T A .

iy rmp gy e )

lifetime[ps]

163. 0
F1G. 43

J.E. arm:r:l“r}‘:m*rt‘r:rrri:p NN g ) )
' 0

-wafer back surface

+ 3

ﬁﬁ,er etching on

,.
- Ea A Er ua s Ralgly

F
4 o
J !
t i
¥ t
i i
§ ;
4 * ..u._.i.rl!r
A i
{ i
1 i
v i
y {
| 1
i

| -
T

Comparative

Sk mw el K 7

Embodiment 3

M g Rk D R e A W AR G RS R B HE T A W AW

power density for Jaser annealinglJ/cmZ

n

.o A n "

Lo

(008¢-01X) 2



US 10,475,663 B2

1

SEMICONDUCTOR DEVICE AND METHOD
FOR MANUFACTURING SEMICONDUCTOR
DEVICE

TECHNICAL FIELD

This mvention relates to a semiconductor device (e.g., an
IGBT or a diode) used, for example, for high-voltage
large-current switching and to a method of manufacturing
the semiconductor device.

BACKGROUND ART

Patent Literature 1 discloses a method of manufacturing a
semiconductor device by adopting a gettering technique. In
this gettering technique, a gettering site 1s first formed 1n a
lower surface of a semiconductor water (substrate). There-
alfter, a heat treatment i1s performed on the substrate to
capture a metal impurity 1n the substrate with the gettering
site. A contaminated layer which 1s the gettering site having
captured the metal impurity 1s thereafter removed. In the
semiconductor device manufacturing method disclosed 1n
Patent Literature 1, these process steps are repeatedly per-
formed a certain number of times.

PRIOR ART
Patent Literature

Patent Literature 1: Japanese Patent Laid-Open No.
H4-218921

Patent Literature 2: Japanese Patent Laid-Open No.
H7-263692

Patent Literature 3: International publication No.
W02009-122486

Patent Literature 4: International publication No.
W02002-058160

Patent Literature 5: International publication No.

W02002-061845

Patent Literature 6: Japanese Patent Laid-Open No. 2001 -
085686

Patent Literature 7: Japanese Patent Laid-Open No. 2010-
283131

Patent Literature 8: Japanese Patent Laid-Open No. 2012-
0811

SUMMARY OF INVENTION

Technical Problem

In the semiconductor device manufacturing method dis-
closed in Patent Literature 1, forming of the gettering site,
heating of the substrate and removal of the contaminated
layer are executed a certain number of times. There 1s,
therefore, a problem of the semiconductor device manufac-
turing process being complicated.

The semiconductor device manufacturing method dis-
closed 1n Patent Literature 1 has the problem that 1t 1s not
clear under what conditions the gettering technique should
be used, since study was not sutliciently made as to how the
clectrical characteristics of the semiconductor device 1is
influenced by the use of the gettering technique.

The present invention has been achieved to solve the
above-described problem, and an object of the present
invention 1s to provide a semiconductor device capable of
stabilizing electrical characteristics while removing a metal
impurity and other things in a substrate 1n a simple way and

10

15

20

25

30

35

40

45

50

55

60

65

2

exhibiting the essential performance of the semiconductor
device, and a method of manufacturing the semiconductor
device.

Means for Solving the Problems

The semiconductor device according to the present inven-
tion includes a substrate having a drift layer, metal wiring
formed on an upper surface of the substrate, and an electrode
formed on a back surface of the substrate, wherein the
lifetime of carriers in the drift layer satisfies the following
expression 1:

[Expression 1]

1=1.5%10"exp (5.4x10°t5. expression 1

T: the lifetime of carriers 1n the N~ drift layer[sec]
t..: the layer thickness of the N~ drift layer[m].

Other features of the present invention will be made clear
from the following description.

Advantageous Elflects of Invention

According to the present invention, electrical character-
1stics can be stabilized while a metal impurity and other
things 1n the substrate are removed 1n a simple way and the

essential performance of the semiconductor device 1s exhib-
ited.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a plan view of a semiconductor device according
to Embodiment 1 of the present invention.

FIG. 2 1s sectional view taking along line II-1I 1n FIG. 1.

FIG. 3 1s a sectional view showing a state where the N
layer and the base layer are formed 1n the substrate in which
the N- drift layer 1s formed.

FIG. 4 1s a sectional view showing a state after forming
emitters.

FIG. 5 1s a sectional view showing a state where trenches
are Tormed.

FIG. 6 1s a sectional view showing a state where the
trenches are filled with polysilicon.

FIG. 7 1s a sectional view showing a state where interlayer
film 1s formed by silicate glass or TEOS film.

FIG. 8 15 a sectional view showing a state where the N—
drift layer 1in the substrate lower surface 1s exposed.

FIG. 9 1s a sectional view showing a state where poly-
silicons doped with an phosphorous are formed.

FIG. 10 1s a sectional view showing a state where a
gettering layer of IGBT 1s formed.

FIG. 11 1s a graph showing the impurity concentration in
the substrate after the preprocessing annealing step for
IGBT.

FIG. 12 1s a sectional view showing a state after the doped
polysilicon on the substrate upper surface of IGBT has been
removed.

FIG. 13 1s a sectional view showing a state where a
contact hole of IGBT 1s formed.

FIG. 14 1s a sectional view showing a state where mem-
bers including a silicide film of IGBT are formed.

FIG. 15 1s a sectional view showing a state after the
gettering layer and the doped polysilicon of IGBT have been
removed.

FIG. 16 1s a sectional view showing a state where the
bufler layer, the collector layer and the electrode of IGBT are
formed.
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FIG. 17 1s a graph showing the relationship between the
on voltage (V . .(sat)) and the withstand voltage (BV ..) of
an IGBT and the carrier lifetime of the N- dnit layer.

FIG. 18 1s a graph showing the relationship between a
main junction leak current (J ) and the carrier lifetime of
the N- dniit layer.

FIG. 19 1s a diagram showing carrier lifetime necessary
for stabilizing device characteristics.

FI1G. 20 1s a table showing changes 1n carrier lifetime with
respect to the existence/nonexistence of the gettering layer
forming step.

FIG. 21 1s a graph showing P-doped polysilicon layer
thickness dependences of on voltage (V ~-(sat)), main junc-
tion leak current (J...) and a loss at the time of turnoft
(Eopp(sat)).

FIG. 22 1s a graph showing P-doped polysilicon layer
thickness dependences of AVg(break), which 1s the result of
subtraction of the threshold voltage(Vth) from the maximum
gate voltage necessary for breaking the short circuit state of
the IGBT, and the maximum breaking energy (E.) at the
time of short circuit.

FIG. 23 1s a graph showing dependences of on voltage
(V ~z(sat)) and main junction leak current (J -..) on impurity
density of phosphorous doped polisilicon.

FI1G. 24 1s a graph 1n which a comparison 1s made between
output characteristics of the semiconductor device manufac-
tured by the semiconductor device manufacturing method
according to Embodiment 1 of the present invention and
output characteristics of the semiconductor device in the
comparative example.

FIG. 25 1s a graph showing trade-ofl characteristic
between on voltage (V --(sat)) and loss at the time of turnoil
Eorr):

FI1G. 26 shows J . vs. V .~ characteristics of a plurality of
semiconductor devices manufactured by the semiconductor
device manufacturing method according to Embodiment 1
of the present invention.

FI1G. 27 shows J . vs. V . characteristics of a plurality of
semiconductor devices manufactured by the semiconductor
device manufacturing method in the comparative example.

FIG. 28 1s a graph of J...-V .. characteristics of a
plurality of semiconductor devices manufactured by the
semiconductor device manufacturing method according to
Embodiment 1 of the present invention.

FIG. 29 1s a graph of J-..-V zo characteristics ol a
plurality of semiconductor devices manufactured by the
semiconductor device manufacturing method 1n the com-
parative example.

FIG. 30 1s a table showing the correspondence between
clectrical characteristics of IGBTs 1n a 6500 V withstand
voltage class and manufacturing methods.

FI1G. 31 1s a graph showing an annealing time dependence
of V ~(sat) and J ... with respect to the annealing step after
the formation of polysilicon doped with phosphorous.

FIG. 32 1s a sectional view showing a state where a
diffusion layer 1s formed 1n a substrate of the diode.

FIG. 33 1s a sectional view showing a state where a P
anode layer 1s formed 1n the active region of the diode.

FIG. 34 1s a sectional view showing a state where an N+
layer, TEOS film and doped polysilicon of diode are formed.

FIG. 35 1s a sectional view showing a state where a
gettering layer of diode 1s formed.

FIG. 36 1s a sectional view showing a state where metal
wiring of diode 1s formed.

FIG. 37 1s a sectional view showing a state where a
passivation film of diode 1s formed while the gettering layer
and the doped polysilicon are removed.
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FIG. 38 1s a sectional view showing a state where a
diffusion layer and an electrode of diode are formed at the
lower surface of the N- drift layer.

FIG. 39 1s a graph 1n which output characteristics of the
diode manufactured by the semiconductor device manuiac-
turing method according to Embodiment 2 of the present
invention and output characteristics of a diode 1n a com-
parative example are compared.

FIG. 40 1s a graph 1n which a comparison 1s made between
a trade-ofl characteristic with respect to the on voltage (VF)
and a loss (Epz.~) at the time of turnofl of the diode
manufactured by the semiconductor device manufacturing
method according to Embodiment 2 of the present invention
and a corresponding characteristic of the diode in the
comparative example.

FIG. 41 15 a sectional view of IGBT showing the gettering
layer forming step 1n the semiconductor device manufactur-
ing method according to Embodiment 3 of the present
invention.

FIG. 42 15 a table showing changes 1n carnier lifetime with
respect to the existence/nonexistence of the gettering layer
forming step.

FIG. 43 1s a graph showing the relationship between the
power density of laser light at the time of forming the
gettering layer and the carrier lifetime (t) of the N- dnfit
layer.

DESCRIPTION OF EMBODIMENTS

A semiconductor device and a method of manufacturing
the semiconductor device will be described with reference to
the drawings. Components identical or corresponding to
cach other are indicated by the same reference characters
and repeated description of them 1s omitted 1n some cases.

Embodiment 1

FIG. 1 1s a plan view of a semiconductor device according,
to Embodiment 1 of the present invention. A semiconductor
device 10 has an active region 12 and an edge termination
region 14 formed so as to surround the active region 12. FIG.
2 1s sectional view taking along line II-1I in FIG. 1. An IGBT
ol a trench structure 1s formed as the semiconductor device.
The semiconductor device has an N~ drift layer 20. The N~
drift layer 20 has an impurity density in a range from
1.0x10"* to 1.0x10" [cm™] for example.

An N-type bufler layer 22 1s formed on a lower surface of
the N~ drift layer 20. A P-type collector layer 24 1s formed
on a lower surface of the bufler layer 22. An electrode 26 1s
formed on a lower surface of the collector layer 24.

An N layer 28 1s formed on an upper surface of the N~
dritt layer 20. The N layer 28 has a peak impurity density 1n
a range from 1.0x10" to 1.0x10"” [cm™] for example, and
a depth 1n a range from 0.5 to 5.0 [um] for example. A P-type
base layer 30 1s formed on an upper surface of the N layer
28. The P base layer 30 has a peak impurity density in a
range from 1.0x10"° to 1.0x10"® [cm™] for example, and is
formed so as to have a depth larger than that of an N™ emitter
layer 36 and smaller than that of the N layer 28. A trench 37
filled with polysilicon 32 is formed through the base layer 30
and the N layer 28 1n a vertical direction. The polysilicon 32
1s adjacent to the N~ driit layer 20, the N layer 28, the base
layer 30 and the N* emitter layer 36, with a gate oxide film
34 interposed therebetween.

The N-type N™ emitter layer 1s formed in the base layer 30
on the front surface side so as to contact the gate oxide film
34. The N™ emitter layer 36 has a peak impurity density in
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a range from 1.0x10'® to 1.0x10°' [cm™] for example, and
a depth 1n a range from approximately 0.2 to 1.0 [um]. AP~
layer 38 1s formed on the upper surface side of the P base
layer 30. The P™ layer 38 has at its surface an impurity
density in a range from 1.0x10'® to 1.0x10*' [cm™] for
example. A silicide film 39 1s formed on upper surfaces of
the N emitter layer 36 and the P™ layer 38 (the N™ emutter
layer 36 and the P™ layer 38 referred to as “first diffusion
layer” 1mn some places below). A barrier metal 42 1s formed
on the polysilicon 32, with an oxide film 32q and an oxide
f1lm 40 interposed therebetween. Metal wiring 44 1s formed
so as to contact the silicide film 39.

A method of manufacturing the semiconductor device
according to Embodiment 1 of the present invention will be
described. First, a silicon wafter formed by an FZ method
(which silicon water or a processed silicon water hereinafter
referred to as “substrate’) 1s prepared. FIG. 3 1s a sectional
view showing a state where the N layer 28 and the P base
layer 30 are formed in the substrate in which the N~ dnit
layer 20 1s formed. Ion implantation and annealing are
performed on the N~ drift layer 20 to form the N layer 28 and
the P base layer 30. The process advances to a subsequent
step. FI1G. 4 1s a sectional view showing a state after forming
N™ emitters. Ion implantation and annealing are performed
on the substrate to form a plurality of N™ emitter layers 36
on the front surface side of the P base layer 30.

The process advances to a subsequent step. FIG. 5 1s a
sectional view showing a state where trenches are formed.
Oxide film 31 1s formed on the upper surface of the
substrate, followed by patterning using a photoengraving
technique. Reactive 1on etching using plasma 1s performed
on portions exposed through openings in the oxide film 31
to form trenches 37. Therealter, chemical dry etching and
sacrificial oxidation treatment are performed for the purpose
of removing crystal defects and plasma damaged layers 1n
portions around the trenches 37, rounding bottom portions
of the trenches 37 and flattening inner walls of the trenches
37. For example, Japanese Patent Laid-Open No. 7-263692
includes a disclosure relating to chemical dry etching and
sacrificial oxidation treatment. Also, W0O2009-122486 {for
example i1ncludes a disclosure relating to an appropriate
depth of trenches 37.

The process advances to a subsequent step. FIG. 6 1s a
sectional view showing a state where the trenches 37 are
filled with polysilicon 32 doped with phosphorus. Gate
oxide film 34 1s formed on the trench iner walls by thermal
oxidation or CVD (see, for example, Japanese Patent Laid-
Open No. 2001-085686). Polysilicon 32 doped with phos-
phorus 1s formed so as to contact the gate oxide film 34, and
fills the trenches. Oxide film 30 1s formed in the lower
surface of the substrate simultaneously with forming of gate
oxide film 34, and polysilicon 52 i1s formed simultaneously
with forming of the polysilicon 32.

The process advances to a subsequent step. FIG. 7 1s a
sectional view showing a state where oxide film 40 and
TEOS film 41 are formed. First, the portion of the polysili-
con 32 existing outside the trenches 37 i1s etched. After
ctching, oxide film 324 1s formed by performing thermal
oxidation on the polysilicon 32 exposed on the substrate
upper surface and the trench 37 filling surfaces or by
performing CVD for deposition. Thereatter, the P™ layer 38
1s formed 1n the upper surface of the substrate. Thereafiter,
oxide film 40 doped with boron or phosphorus and TEOS
f1lm 41 are formed by CVD. As oxade film 40, TEOS film or
silicate glass may be formed. TEOS film 34 1s formed on the
lower surface of the substrate simultaneously with forming
of the oxide film 40 and TEOS film 41.
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The process advances to a subsequent step. FIG. 8 1s a
sectional view showing a state where the N~ drift layer 20 1n
the substrate lower surface 1s exposed. The TEOS film 54,
polysilicon 52 and oxide film 50 on the lower surface of the
substrate are etched by using a solution containing fluoric
acid or a mixture acid (e.g., a mixture solution of fluoric
acid, nitric acid and acetic acid), thereby exposing the N~
dritt layer 20. The preceding process steps including this are
referred to collectively as a manufacturing step.

The process advances to a subsequent step. FIG. 9 15 a
sectional view showing a state where polysilicons 60 and 62
doped with an impurity are formed. The polysilicon 60
doped with an impurity (Polysilicon doped with an impurity
heremnafter referred to as doped polysilicon) 1s formed so as
to contact the N~ drift layer 20 exposed at the lower surtace
of the substrate. Simultaneously, doped polysilicon 62 not
needed 1s also formed on the substrate upper surface. The
doped polysilicons 60 and 62 are formed by LPCVD. As an
impurity for doping of the doped polysilicons 60 and 62,
phosphorus, arsenic or antimony for example 1s used in
order that the doped polysilicons 60 and 62 be N™ layers. The
impurity density in the doped polysilicons 60 and 62 1s equal
to or higher than 1x10'” [cm™]. The film thicknesses of the
doped polysilicons 60 and 62 are equal to or larger than 500
|Inm]|.

The process advances to a subsequent step. FIG. 10 1s a
sectional view showing a state where a gettering layer 64 1s
formed. The substrate 1s heated 1n a nitrogen atmosphere to
increase the temperature of the substrate to a point 1n a range
from 900 to 1000[° C.], thereby diffusing the impurity in the
doped polysilicon 60 to the lower surface side of the N~ drift
layer 20. By this diffusion, the gettering layer 64 having
crystal defects and the ligh-density impurity 1s formed on
the lower surface side of the N~ drift layer 20. This process
step 1s referred to as a preprocessing annealing step. Also,
the step to form doped polysilicon 60 and the preprocessing
annealing step are referred to collectively as a gettering layer
forming step. That 1s, the gettering layer forming step 1s a
step to form the gettering layer 64 1n a lower surface side
portion of the N~ drift layer 20 exposed at the lower surtace
of the substrate. The surface impurity density in the gettering
layer 64 is in a range from 1.0x10'7 to 1.0x10** [cm™] for
example.

After the gettering layer forming step, the temperature of
the substrate 1s reduced at an arbitrary temperature reducing
rate to a point 1 a range from 600 to 700[° C.] and this
reduced temperature 1s maintained for four hours or longer.
This step 1s referred to as an annealing step. In the annealing
step, the substrate 1s heated to diffuse and capture by the
gettering layer 64 the metal impurity, contaminant atoms and
damage introduced 1n the N~ dnit layer 20 in the manufac-
turing step.

FIG. 11 1s a graph showing the impurity concentration in
the substrate after the preprocessing annealing step and the
annealing step. The impurnty 1s diffused from the doped
polysilicon 60 into the N~ drift layer 20 and the gettering
layer 64 having a higher impurity density than that in the N~
driit layer 20 1s formed. The maximum value of the impurity
density in the gettering layer 64 is about 1x10°° [cm™].

The process advances to a subsequent step. FIG. 12 1s a
sectional view showing a state after the doped polysilicon 62
on the substrate upper surface has been removed. The doped
polysilicon on the substrate upper surface (doped polysilicon
62 1n FI1G. 10) 1s selectively removed by using a solution of
fluoric acid or a mixture acid (e.g., an fluoric acid/nitric
acid/acetic acid mixture solution). The process advances to
a subsequent step. FIG. 13 1s a sectional view showing a
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state where a contact hole 1s formed. The oxide film 40 and
TEOS film 41 on the upper surface side of the substrate are
partially etched to expose a portion of the first diffusion
layer, thereby forming a trench exposed portion 70 having a
contact hole. Portions other than the trench exposed portion
70 are MOS Tr portions 72.

The objective to be attained by partially forming a contact
hole 1n the region where the trenches 37 filled with poly-
silicon 32, as shown 1n FIG. 13, 1s to reduce the effective
gate width and adjust the capacity by setting part of the
polysilicon 32 to the emaitter potential. This enables reducing,
saturated current density, suppressing oscillation at the time
of short circuit by capacity control, improving the short
circuit capacity (see WO2002-038160 and W0O2002-061845
for detailed information) and reducing the on voltage by
improving the emitter-side carrier concentration n the on
state.

The process advances to a subsequent step. FIG. 14 1s a
sectional view showing a state where members including a
silicide film are formed. Silicide film 39 and barrier metal 42
are formed on the substrate upper surface by sputtering and
annealing. As a metal at the time of sputtering, a high-
melting-point metal material such as 11, Pt, Co or W 1s used.
Metal wiring 44 having approximately 1 to 3% of S1 added
thereto 1s subsequently formed by sputtering on the substrate
upper surface. The material of the metal wiring 44 1s, for
example, AlS1, AlS1Cu or AlCu. The metal wiring 44 1s
clectrically connected to the first diffusion layer through the
contact hole. A passivation film subsequently formed 1n an
edge termination region.

The process advances to a subsequent step. FIG. 15 1s a
sectional view showing a state after the gettering layer and
the doped polysilicon have been removed. The gettering
layer 64 and the doped polysilicon 60 formed on the lower
surface side of the substrate are removed by polishing or
ctching. The process step to remove a portion including the
gettering layer in such a way 1s referred to as a removal step.
In the removal step, a portion of the N~ dnit layer 20
adjacent to the gettering layer may be removed by a desired
thickness. The thickness of the substrate (N~ drift layer 20)
can thereby be set to a value according to the withstand
voltage class of the semiconductor device.

The process advances to a subsequent step. FIG. 16 1s a
sectional view showing a state where the butler layer 22, the
collector layer 24 and the electrode 26 of IGBT are formed.
The bufler layer 22 1s formed in the lower surface of the
substrate. The P-type collector layer 24 1s formed on the
lower surface of the bufler layer 22. The electrode 26 1is
formed on the lower surface of the collector layer 24. The
butler layer 22 and the collector layer 24, which are diflusion
layers formed on the lower surface side of the N~ drift layer
20, are referred to as a second diffusion layer. Finally, the
clectrode 26 1s formed so as to contact the collector layer 24,
which 1s a portion of the second diffusion layer. The elec-
trode 26 1s a portion to be joined by soldering to a circuit
board or the like 1n a module when the semiconductor device
1s incorporated 1n the module. It 1s, therefore, preferable that
the electrode 26 be formed by stacking a plurality of metal
layers to obtain a low contact resistance.

In the semiconductor device manufacturing method
according to Embodiment 1 of the present invention, the
annealing step 1s executed after forming the gettering layer
64. A metal impurity, contaminant atoms and damage 1ntro-
duced 1n the N~ drift layer 20 1n the manufacturing step
including forming the first diffusion layer on the upper
surface side of the substrate, film forming and etching are
captured by the gettering layer 64 in the annealing step. The
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damage referred to here includes disorder 1n S1 crystals due
to thermal stress at the time of thermal annealing and
damage to Si crystals due to plasma in the plasma etching
step. The impurity and crystal defects in the gettering layer
64 form getter sites.

Crystal defects 1n the gettering layer 64 include high-
density dislocations and lattice defects, which capture a
metal impurity such as a heavy metal and contaminant
atoms. Also, due to the diflerence 1n thermal expansion
coellicient between the doped polysilicon 60 used to form
the gettering layer 64 and the N~ dnit layer 20, strain 1s
caused at a surface at which the doped polysilicon 60 and the
N~ dnit layer 20 contact each other. This strain also func-
tions as a getter site. By these eflects, the carrier lifetime of
the N~ dnift layer 20 reduced due to external factors, the
annealing step and the plasma etching step in the manufac-
turing step can be recovered.

A discussion will be subsequently made of to which
extent 1t 1s preferable to extend the carrier lifetime 1n order
to stabilize electrical characteristics (hereinafter referred to
simply as characteristics) of the semiconductor device. FIG.
17 1s a graph showing the relationship between the on
voltage (V ~z(sat)) and the withstand voltage (BV ~..) of an
IGBT and the carrier lifetime of the N~ dnit layer 20. FIG.
18 1s a graph showing the relationship between a main
junction leak current (J ~...) and the carrier lifetime of the N~
drift layer. FIGS. 17 and 18 show the results of a simulation
with respect to an IGBT 1n a 6500 V withstand voltage class
in which the layer thickness of the N~ drift layer 20 1s 650
[um].

As can be understood from FIG. 17, V ..(sat) can be
stabilized with respect to some variation in the carrier
lifetime 1f the carrier lifetime 1s equal to or longer than
5.0E-04 [s]. The value of BV . 1s substantially independent
of the carrier lifetime. As can be understood from FIG. 18,
J o can be reduced 1f the carrier lifetime 1s increased.
Reducing J .. 1s effective in inhibiting thermal runaway at
temperatures equal to or higher than 398K for example. As
a result, the carrier lifetime dependence of V .(sat) can be
reduced 11 the carrier lifetime of the N™ drift layer 20 1s set
generally equal to or longer than 5.0E-04 [s]. J .. can also
be reduced thereby.

The above-described simulation was performed on a
plurality of IGBTs having various withstand voltage classes
in a withstand voltage range from 600 to 6500 V. That 1s,
since the layer thickness of the N~ drift layer 1s, for example,
60 [um] 1n the case of the 600[V] withstand voltage class,
and 6500 [um] 1n the case of the 6500[V] withstand voltage
class, the simulation was performed by changing the layer
thickness of the N~ driit layer 1n the range from 60 to 6500
[um]. The carner lifetime with which the carrier lifetime
dependence of V .(sat) can be reduced was calculated with
respect to each of values of the layer thickness of the N~ drift
layer. FIG. 19 1s a graph in which the carrier lifetime with
which the carrier lifetime dependence of V .(sat) can be
reduced was plotted. For example, when the layer thickness
of the N~ drift layer 1s 400 [um], V ~.(sat) can be stabilized
by setting the carrier lifetime to 1.1x107* [sec] or larger. The
lifetime of carriers 1n a “device characteristics stabilization
region” 1 FIG. 19 satisfies equation 2 shown below.

[Expression 2]

121.5%107"exp (5.4x10° 1) expression 2

T: the lifetime of carriers in the drift layer[sec]
t,.: the layer thickness of the dnit layer[m]
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In FIG. 19, expression 2 1s indicated by a straight line. By
securing a carrier lifetime longer than the carner lifetime
specified with this straight line, the carrier lifetime depen-
dence of V (sat) can be reduced to stabilize the device
characteristics. In the case of a carrier lifetime shorter than
the carner lifetime specified with this straight line, the
carrier lifetime dependence of V ..(sat) cannot be reduced.
A region corresponding to this 1s referred to as a device
characteristics destabilization region. The lifetime of carri-
ers 1n the N~ drift layer 20 according to Embodiment 1 of the
prevent invention 1s set so as to satisly expression 2 and
belong to the device characteristics stabilization region.
Thus, the semiconductor device manufacturing method
according to Embodiment 1 of the prevent invention enables
reducing carrier lifetime-dependent variation in characteris-
tics of the semiconductor device.

FI1G. 20 1s a table showing changes 1n carrier lifetime with
respect to the existence/nonexistence of the gettering layer
forming step. A comparative example cited 1n FIG. 20 differs
from the semiconductor device according to Embodiment 1
of the prevent invention only in that forming of doped
polysilicons 60 and 62 1n the step shown in FIGS. 8 to 10 1s
omitted (the same applies in the following description).
There are no diflerences between details of the process 1n the
comparative example and details of the process 1n Embodi-
ment 1 of the present invention from the beginning to
“etching on the water lower surface” corresponding to the
step shown i FIG. 8. Theretfore, the carrier lifetime 1n the
comparative example and the carrier lifetime 1n Embodi-
ment 1 of the present mnvention “after etching on the water
lower surface” are substantially equal to each other. How-
ever, the carrier lifetime 1s markedly improved after the
annealing step i Embodiment 1 of the present invention,
while any significant improvement eflect 1s not observed in
the comparatlve example. As a result, it can be understood
that the carrier lifetime can be improved by gettering with
the gettering layer.

FIG. 21 1s a graph showing doped polysilicon layer
thickness dependences of V ..(sat), J--- and a loss at the
time of turnoft (E,.-(sat)). FIG. 22 1s a graph showing
doped polysilicon layer thickness dependences of AVg
(break), which 1s the result of subtraction of the threshold
voltage from the maximum gate voltage necessary for
breaking the short circuit state of the IGBT, and the maxi-
mum breaking energy E..- at the time of short circuit.
AVg(break) 1s calculated by “Vg(break)-V . (th)”.
Vg(break) 1s the value of the maximum gate voltage (Vg)

necessary for breaking the short circuit state, and V -(th) 1s
the gat voltage (threshold voltage) necessary for forming the
channel 1n the MOS channel portion of the IGB'T. The data
shown 1n FIGS. 21 and 22 was obtained with respect to an
IGBT 1n which the impurity density of doped polysﬂlcon 1S
equal to or higher than 1.0x10"” [cm™], and which is in a
4500 V withstand voltage class.

From FIGS. 21 and 22, it can be understood that improved
characteristics can be obtained 1t the thickness of doped
polysilicon 1s increased. From FIG. 21, 1t can be understood
that V ~.(sat), J -, and EOFF(SElt) can be made lower 11 the
thickness of doped polysilicon 1s increased. From FIG. 22,
it can be understood that the characteristic of the IGBT at the
time of short circuit 1s also improved if the thickness of
doped polysilicon 1s increased. These results mean that if the
thickness of doped polysilicon is larger, the gettering effect
can be improved to extend the carrier lifetime. It the layer
thickness of doped polysilicon 1s equal to or larger than 500
[nm], good characteristics can be obtained and the stability

in {ilm thickness control in film forming 1s high.
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FIG. 23 1s a graph showing impurity density dependences
of V.(sat) and J ... This graph was prepared by forming
500 [nm] doped polysilicon for a semiconductor device 1n
the 4500 V withstand voltage class. From FIG. 23, 1t can be
understood that V ~.(sat) and J ~.. can be made lower 11 the
impurity density in the doped polysilicon is set equal to or
higher than 1x10'” [cm™].

FIG. 24 1s a graph 1n which a comparison 1s made between
output characteristics of the IGBT manufactured by the
semiconductor device manufacturing method according to
Embodiment 1 of the present invention and output charac-
teristics of the IGBT in the comparative example. For this
comparison, semiconductor devices in the 4500 V withstand
voltage class were evaluated. The lifetime of carriers in the
N~ dnift layer 1n the comparative example 1s shorter than that
of carriers 1n the N~ drift layer of the present invention. The
wavelorm 1n the output characteristic in the comparative
example 1s lowered and the saturated value of the current
density (J¢) 1s low. That 1s, the MOS transistor characteristic
of the IGBT 1s degraded. From FIG. 24, 1t can be understood
that the lifetime of carriers 1 the N~ dnft layer largely
influences the output characteristic, and that the output
characteristic can be largely improved by the semiconductor
device manufacturing method according to Embodiment 1
of the present invention.

FIG. 25 1s a graph showing trade-off characteristic
between V ~(sat) and E ~~(sat) as an indicator for the basic
performance of the IGBT. V ..(sat) 1s the V ... value at the
rated current density in FIG. 24 (*ratedJc” 1n FIG. 24). The
withstand voltage class of the evaluated IGBT 1s 4500 V.,
From FIG. 25, 1t can be understood that the trade-off
characteristic can be largely improved in the IGBT of the
present invention having a longer carrier lifetime 1 com-
parison with the comparative example IGBT having a
shorter carrier lifetime.

FIG. 26 1s a graph of output characteristics (J~ vs. V
characteristics) of a plurality of IGBTs manufactured by the
semiconductor device manufacturing method according to
Embodiment 1 of the present invention. The plurality of
IGBTs were made 1n one wafer surtace. FIG. 27 1s a graph
of output characteristics of a plurality of IGBTs manuiac-
tured by the IGBT manufacturing method 1n the comparative
example. It 1s apparent that the IGBTs manufactured by the
semiconductor device manufacturing method according to
Embodiment 1 of the present invention were improved with
respect to variations in output characteristics and stabilized
in characteristics.

FIG. 28 1s a graph of J .V . characteristics of a
plurality of IGBTs manufactured by the semiconductor
device manufacturing method according to Embodiment 1
of the present invention. The plurality of IGBTs were made
in one waler surface. FIG. 29 1s a graph of J -V 2o
characteristics of a plurality of IGB'Ts manufactured by the
semiconductor device manufacturing method in the com-
parative example. From comparison between FIGS. 28 and
29, 1t can be understood that J ... can be reduced by one
order of magnitude from that 1n the comparative example by
using the semiconductor device manufacturing method
according to Embodiment 1 of the present invention, and
that in-chip variations can also be reduced. That is, the
characteristics of the IGBT are stabilized by the effect of the
present 1nvention.

FIG. 30 1s a table showing the correspondence between
clectrical characteristics of IGBTs 1mn a 6500 V withstand
voltage class and manufacturing methods. Additional com-
parative example 1n FIG. 30 designates a structure obtained
by forming doped polysilicon on the lower surface of the
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substrate and executing an annealing step after forming the
structure shown in FIG. 3. That 1s, the additional compara-
tive example designates a semiconductor device manufac-
tured by executing the gettering layer forming step and the
annealing step before the completion of the “manufacturing
step”. From FIG. 30, 1t can be understood that the charac-
teristic improvement eflect 1s improved 1n the case where the
gettering layer forming step and the annealing step are
executed after execution of the manufacturing step as 1n the
semiconductor device manufacturing apparatus according to
Embodiment 1 of the present invention. In other words, it 1s
preferable to execute the gettering layer forming step and the
annealing step before forming of the contact hole.

FIG. 31 1s a graph showing an annealing time dependence
of V ~(sat) and J .. with respect to the annealing step. The
annealing step was executed by maintaining the substrate
temperature at a point in the range from 600 to 700[° C.] in
a nitrogen atmosphere. From FIG. 31, V ~.(sat) and J .. are
suiliciently reduced and stabilized after an annealing time of
four hours or longer. That 1s, it 1s preferable to maintain the
substrate temperature at a point 1 the range from 600 to
700[° C.] 1n a mitrogen atmosphere for four hours or longer
in the annealing step.

In a case where a waler formed by the CZ method 1s used,
there 1s a problem of an increased cost because the N~ drift
layer 1s ordinarily formed by epitaxial growth. For example,
an N~ drift layer of 50 to 60 [nm] 1s formed with respect to
the 600 V class, and N~ dnit layer of about 500 to 600 [nm]
1s formed with respect to the 6500 V class. Therefore, the
cost of a high-withstand-voltage semiconductor device
requiring forming the N~ drit layer thick 1s high.

It 1s, therefore, preferable to use a substrate formed by the
FZ method. The cost of a substrate formed by the FZ method
1s not changed with respect to withstand voltage classes
because 1ts thickness 1s set to a desired value by reducing the
thickness of the N~ dniit layer. However, a substrate formed
by the FZ method 1s lower in self-gettering ability (I1G:
Intrinsic Gettering) and also lower 1n well-known extrinsic
gettering (EG) eflect. In a case where a substrate formed by
the FZ method 1s used for a bipolar semiconductor device
such as an IGBT or a diode, therefore, the lifetime of carriers
in the N~ dnift layer 1s reduced. To avoid this, a metal
impurity and other things 1n the N~ drift layer are captured
by the gettering layer, as described above 1n the description
of the semiconductor device according to Embodiment 1 of
the present invention. As a result, a semiconductor device
can be manufactured on a substrate formed at a low cost by
the FZ method, the carrier lifetime of the N~ dniit layer can
be controlled to be extended, and the loss in the on state can
be reduced. This eflect 1s not limited to the substrate formed
by the FZ method. Similar effect can also be achieved, for
example, 1n the case of using an ep1 waler.

In the semiconductor device manufacturing method
according to Embodiment 1 of the present immvention, the
gettering layer forming step and the annealing step are
executed after the manufacturing step in which the emutter,
base and trench constituting the surface structure of an IGBT
are formed 1s executed and before forming contact holes,
thereby extending the carrier lifetime of 1n the N~ drift layer.
Various modifications can be made within such a scope as
not to depart from this feature. For example, the removal
step to remove the doped polysilicon 60 and the gettering
layer 64 may be executed immediately after execution of the
gettering layer forming step and the annealing step.

While the substrate according to Embodiment 1 of the
present invention 1s formed of silicon, the substrate may be
alternatively formed of a wide-bandgap semiconductor hav-
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ing a bandgap larger than that of silicon. The wide-bandgap
semiconductor 1s, for example, silicon carbide, a gallium
nitride-based material or diamond. The conduction types of
portions of the semiconductor element may be reversed as
desired.

Embodiment 2

A semiconductor device manufacturing method according
to Embodiment 2 of the present invention 1s an application
of the semiconductor device manufacturing method accord-
ing to Embodiment 1 to a diode. The semiconductor device
manufacturing method according to Embodiment 2 of the
present invention will be described below. FIG. 32 1s a
sectional view showing a state where a diffusion layer 1s
formed 1n a substrate. FIG. 32 illustrates an active region Ra
and an edge termination region Re formed so as to surround
the active region Ra. A substrate having only an N~ dnift
layer 100 formed therein 1s prepared. An impurity density 1s
set 1 the substrate according to a withstand voltage class.
For example, 1f the withstand voltage class 1s of a voltage 1n
a range from 600 to 63500[V], the impurity density in the
substrate is in a range from 1.0x10"* to 1.0x10" [cm™].

A plurality of P layers 102 are formed in the edge
termination region Re. The P layers 102 are formed by
performing ion implantation using, as a mask, mnsulating
films 104 and 106 formed i1n advance and by thereafter
performing annealing. The surface density 1n the P layers
102 is, for example, in a range from 1.0x10'° to 1.0x10'®
[cm™’]. An oxide film 108 not needed is also formed in a
lower surface of the substrate.

The process advances to a subsequent step. FIG. 33 1s a
sectional view showing a state where a P anode layer 110 1s
formed 1n the active region. The P anode layer 110 1s formed
by performing ion implantation and annealing on the active
region Ra. The surface density in the P anode layer 110 1s,
for example, in a range from 1.0x10"'° to 1.0x10"® [cm™]. In
Embodiment 2 of the present invention, the “first diffusion
layer” formed on the upper surface side of the substrate 1s

the P layer 102 and the P anode layer 110.

The process advances to a subsequent step. FIG. 34 1s a
sectional view showing a state where an N™ layer, TEOS film
and doped polysilicon are formed. An N™ layer 120 is
formed 1n an end portion of the edge termination region Re
on the upper surface side of the substrate. The surface
density in the N™ layer 120 is, for example, in a range from
1.0x10"® to 1.0x10*' [cm™]. The depth of the N* layer 120
1s, Tor example, 1n a range from 0.2 to 10.0 [um]. A TEOS
f1lm 122 1s subsequently formed on the upper surface of the
substrate. The TEOS film 122 may have a structure such as
that of the oxide film 40 and the TEOS film 41 1n FI1G. 7. The
oxide film 108 in the lower surface of the substrate is
thereafter removed. Doped polysilicon 130 doped with an
impurity 1s formed so as to contact the N~ drift layer 100
exposed at the lower surface of the substrate. Simultane-
ously, doped polysilicon 132 i1s also formed on the upper
surtace of the substrate.

The process advances to a subsequent step. FIG. 35 15 a
sectional view showing a state where a gettering layer 1s
formed. The substrate 1s heated to difluse the impurity 1n the
doped polysilicon 130 to the lower surface side of the N~
dritt layer 100, thereby forming a gettering layer 150 having
crystal defects and the impurity on the lower surface side of
the N~ drift layer 100. This step 1s the same as the prepro-
cessing annealing step in Embodiment 1. Thereafter, the
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annealing step 1s executed to capture by the gettering layer
150 the metal impurity, contaminant atoms and damage 1n
the N~ dniit layer 100.

The process advances to a subsequent step. FIG. 36 1s a
sectional view showing a state where metal wiring 1s
formed. First, a contact hole through which the P layer 102
and the P anode layer 110 1s formed on the substrate supper
surface. That 1s, the TEOS film 122 1s worked, as shown 1n
FIG. 36. Thereatter, aluminum wiring 152 to which approxi-
mately 1 to 3% of Si1 1s added 1s formed by sputtering.

The process advances to a subsequent step. FIG. 37 1s a
sectional view showing a state where a passivation film 1s
formed while the gettering layer and the doped polysilicon
are removed. A passivation film 154 1s formed on the upper
surface of the substrate. The gettering layer 150 and the
doped polysilicon 130 formed on the lower surface side of
the substrate are removed by polishing or etching. Process-
ing details of this step are the same as those of the removal
step 1n Embodiment 1. By the removal step, the thickness of
the substrate (N~ drift layer) 1s set to a value according to the
withstand voltage class of the semiconductor device.

The process advances to a subsequent step. FIG. 38 1s a
sectional view showing a state where a diffusion layer and
an electrode are formed at the lower surface of the N~ dniit
layer. An N layer 160 1s formed on the lower surface side of
the N~ dnift layer 100. The surface density 1n the N layer 160
(the density 1n a lower surface portion of the N layer 160) 1s,
for example, in a range from 1.0x10"> to 1.0x10'® [cm™]. A
P layer 162 1s formed on a lower surface of the N layer 160.
The surface density in the P layer 162 (the density in a lower
surface portion of the P layer 162) 1s, for example, 1n a range
from 1.0x10'° to 1.0x10°° [cm™].

An N™ layer 164 1s formed 1n a portion of the P layer 162.
The surface density in the N™ layer 164 is, for example, in
a range from 1.0x10"” to 1.0x10°" [cm™’]. The N layer 160,
the P layer 162 and the N layer 164 are diffusion layers
formed by 1on implantation and annealing. An electrode 166
1s finally formed on the substrate lower surface. In Embodi-
ment 2 of the present invention, a “second diffusion layer”
formed on the lower surface side of the substrate 1s the N
layer 160, the P layer 162 and the N™ layer 164. The meaning
of forming these layers 1s disclosed in Japanese Patent
Laid-Open Nos. 2010-283131 and 2012-9811.

The semiconductor device manufacturing method accord-
ing to Embodiment 2 of the present invention enables
extending the carrier lifetime of the N~ drift layer and,
hence, improving characteristics of the diode. FIG. 39 15 a
graph 1n which output characteristics of the diode manufac-
tured by the semiconductor device manufacturing method
according to Embodiment 2 of the present invention and
output characteristics of a diode 1n a comparative example
are compared. The withstand voltage class of the evaluated
diodes 1s o1 3300 V. With respect to the diode manufactured
by the semiconductor device manufacturing method accord-
ing to Embodiment 2 of the present invention, either of
measurement at 298[K] and measurement at 398[K] ended
in a better result.

FI1G. 40 1s a graph 1n which a comparison 1s made between
a trade-ofl characteristic with respect to the on voltage (V)
and a loss (Epz~) at the time of turnofl of the diode
manufactured by the semiconductor device manufacturing,
method according to Embodiment 2 of the present invention
and a corresponding characteristic of the diode in the
comparative example. The on Voltage (V) 1s shown by V AK
corresponding to rated J , of I, 1n FIG. 39. When the carrier
lifetime of the N~ drift layer 1s long, V. 1s low and E .~ 1s
high. When the carrier lifetime of the N~ drift layer 1s short,
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V- 1s high and E, .~ 1s low. As can be understood from FIG.
40, the diode according to Embodiment 2 of the present
invention has lower V- and higher E, -~ 1n comparison with
the comparative example. Thus, the diode according to
Embodiment 2 of the present invention 1s capable of increas-
ing the carrier lifetime of the N~ drift layer and improving
the diode characteristics 1n comparison with the diode 1n the
comparative example.

Also 1n the semiconductor device manufacturing method
according to Embodiment 2 of the present invention, 1t 1s
preferable to perform the gettering layer forming step and
the annealing step after the manufacturing step to capture by
the gettering layer the metal impurity, contaminant atoms
and damage in the N~ drift layer, as 1n the case of Embodi-
ment 1. The manufacturing step 1n the case of manufacturing
the diode includes the step to form the P anode layer 110
constituting the surface structure of the diode, and the
insulating films 104 and 106. The semiconductor device and
the method of manufacturing the semiconductor device
according to Embodiment 2 of the present invention can be

modified at least to the same extent as those 1n Embodiment
1.

Embodiment 3

A semiconductor device manufacturing method according
to Embodiment 3 of the present invention 1s defined by
changing the details of processing in the gettering layer
forming step in the semiconductor device manufacturing
method according to Embodiment 1. FIG. 41 1s a sectional
view showing the gettering layer forming step in the semi-
conductor device manufacturing method according to
Embodiment 3 of the present invention. In this gettering
layer forming step, the N~ drift layer 20 exposed at the lower
surface of the substrate 1s heated to form a gettering layer
200 having crystal defects on the lower surface side of the
N~ dnift layer 20. It 1s preferable to use, for heating of the N~
drift layer 20, a laser annealing techmque using laser light
emitted from a laser light source 202. Preferably, the power
of the laser light is equal to or higher than 4.0 [J/cm?]. The
wavelength of the laser light 1s, for example, 1n a range from
500 to 1000 [nml].

The semiconductor device manufacturing method accord-
ing to Embodiment 3 of the present invention ensures that
the gettering layer 200 can easily be formed only by heating
the lower surface of the N~ drift layer 20. FIG. 42 is a table
showing changes in carrier lifetime with respect to the
existence/nonexistence of the gettering layer forming step.
The carrier lifetimes 1n Embodiment 3 and the comparative
example are substantially equal to each other immediately
after “etching on the water lower surface”. However, the
carrier lifetime after the annealing step 1n Embodiment 3 1s
increased relative to that 1in the comparative example. The
reason that the carrier lifetime can be increased is that the
gettering layer 200 functions as a getter site.

FIG. 43 1s a graph showing the relationship between the
power density of laser light at the time of forming the
gettering layer and the carrier lifetime (t) of the N~ drift layer
20. At 1 FIG. 43 represents the amount of change 1n t
between the value before execution of laser annealing and
the annealing step and the value after execution of laser
annealing and the annealing step. From FIG. 43, 1t can be
understood that the carrier lifetime improvement eflect by
laser annealing can be obtained with stability 1t the power
density for laser annealing i1s set equal to or higher than 4

[Jem?].
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The semiconductor device and the method of manufac-
turing the semiconductor device according to Embodiment 3

of the present invention can be modified at least to the same
extent as those in Embodiment 1. Also, a desired combina-
tion of the features of the semiconductor devices 1n the
embodiments may be made

DESCRIPTION OF SYMBOLS

10 semiconductor device, 12 active region, 14 edge
termination region, 20 N-dnit layer, 22 bufler layer, 24
collector layer, 26 electrode, 28 N layer, 30 base layer, 31
Oxide film, 32 polysilicon, 32a oxide film, 34 gate oxide
film, 36 N+ emitter layer, 37 trenches, 38 P+ layer, 39
silicide film, 40 oxide film, 41 TEOS film, 42 barrier metal,
44 metal wiring, 60,62 doped polysilicon, 64 gettering layer,
100 N- dnit layer, 102 P layers, 104,106,108 insulating
films, 110 anode layer, 120 N+ layer, 122 TEOS film,
130,132 doped polysilicon, 150 gettring layer, 152 alumi-

10

15

num wiring, 154 passivation film, 166 electrode, 200 get- 20

tering layer, 202 laser light source

16

The mnvention claimed 1s:
1. A semiconductor device comprising:
a substrate having a driit layer;

metal wiring formed on an upper surface of the substrate;
and

an electrode formed on a back surface of the substrate,
wherein the lifetime of carriers 1n the drit layer satisfies
the following expression 1:

[Expression 1]

1=1.5%107 exp(5.4x10° 15 ) expression 1

T: the lifetime of carriers in the drnit layer [sec]
t,.: the layer thickness of the drift layer [m)].
2. The semiconductor device according to claim 1,

wherein the substrate 1s formed of a wide-bandgap semi-
conductor.

3. The semiconductor device according to claim 2,

wherein the wide-bandgap semiconductor 1s silicon carbide,
a galllum nitride-based material or diamond.

G ex x = e
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